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ABSTRACT: A method for chemically modifying a surface with grafted monolayers of initiator groups, 
which can be used for a "living" free* radical^ photopolymerization, is described. By using "living" free 
radical polymerizations, we were able to'cpntrpl the length of the grafted polymer chains and therefore 
the layer thickness up to ~ 100 nm. Also, single-layer grafted block copolymers were obtained by subsequent 
polymerizations of styrene and methyl methacrylate monomers. The suiface-grafted polymer and block 
copolymer layers were evidenced by direct imaging methods (transmission and scanning electron 
microscopy) and by indirect surface characterization methods (contact angle measurements, SFM, XPS, 
and IR), The ability to control the thickness.,pf the grafted polymer as well as the synthesis of a grafted 
block copolymer layer in a well-defined manner affirms the "living" character of the surface-initiated 
free radical photopolymerization. . '-vr,V;;; 



Introduction 

Modification of surfaces of solid (in)organic materials 
is often utilized to change properties such as biocom- 
patibilitiy, wetting, adhesion, or friction. Modifications 
with polymer layers are recognized to play an important 
role, especially in printing, coating, food packaging, 
microelectronics, biomedical, and aerospace applica- 
tions. Engineering surfaces at a molecular level gained 
interest during the 1990s, because this can lead to well- 
defined surfaces with better macroscopic properties ^hah 
those obtained by coating the surface v^ith:a thin 
(functional) polymer film. Coating of surfaces by ir- 
reversible grafting of a stable, preformed polyrner^or 
by selective adsorption of a diblock copolymer^ ijeads, . 
in general, to nonuniform thin films and poor surface 
coverage, due to the formation of islands and mush- 
rooms on the surface. Other frequently used methods 
such as polyelectrolyte.deposition,^ plasma deposition,'' 
and polymerization within a Langmuir— Blodgett (LB) 
film suffer from the same disadvantages. Furthermore, 
these techniques do not completely control the growth 
of stable polymer films at the nanoscale level, which^is 
required for most of the applications. -..^C/'r'K 

To overcome this, direct initiation of a polyrner chain ' 
from a surface can be applied, which is expected to lead 
to higher surface grafting densities, because monomers 
can more easily diffuse toward the reactive^■ce!;iteI:;, 
whereas grafting or selective adsorption of polymers-^is 
limited by steric and entropic forces. V . ^y: ' 'I- 

The autoassociation process has been used for. co- 
valently attaching a monolayer with high grafdng 
densities on a surface. Examples of this are alkanethiols, 
which are known to form very stable monolayers, on 
gold,^ and alkoxysilanes, which are used to modify'solid 
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surfaces such as glass, silicon wafers, quartz, and mica. 
At these surfaces, the alkoxysilane group is converted 
to a stable poly(siloxane) layer by coupling with the free 
liydroxyl groups on the surface. 

To initiate a polymerization from the surface, the 
autoassociating molecule had to be modified with an 
^^0B8orB^igi?6*m^. In most cases, conventional radical 
initiating species^'^ or ionic moieties^*'' are introduced 
on the surface. For the polymerization of block copoly- 
mers and for controlling the molecular weight, and 
thus layer thickness as well as the composition, one 
is restricted to using the "living" polymerization tech- 
nique. 

Advanced "living" free radical polymerization methods 
allow the synthesis of a wide variety of macromolecules 
with monomers that cannot be polymerized with the 
traditional cationic and anionic living polymeriza- 
tions.^'^ Three "living" free radical polymerization 
methods are often employed, namely the atom transfer 
radical polymerization (ATRP),'' the nitroxide-mediated 
free radical polymerization (TEMPO), '"^ and the polym- 
erization method based on iniferters.'-^ In this study we 
used the photoiniferter technique explored by Otsu et 
al.*'' in the early 1980s. The concept of these noncon- 
ventional initiators is based on the formation of a 
reactive radical and a relatively stable counter radical, 
where the latter does not participate in the initiation, 
but merely acts as a trans/er agent and /e/minating 
species (inifertei). The advantages of "living" free radical 
polymerizations are (a) linear increase of molecular 
weight with time, leading to a steady growth of the 
uniform polymer layer on the surface, (b) possibility of 
the formation of block copolymers by reinitiating the 
polymerization in a different monomer solution, and (c) 
com patib ility with a wide variety of monomers, e.g., 
^^^I^^, styrenes, acrylonitrile, and derivatives. Fur- 
thermore, in the particular case of surface-initiated 
"living" free radical polymerizations, the preparation 
and handling of the samples are easier,' which allows 
one to characterize the surface between two subsequent 
polymerizations. 



I0.1021/ma9910944 CCC: $19^ - © 2000 American Chemical Society 
-pSIIjSiPPt Web ' 1 2/2 9^ 



350 cie Boer et al. 



Macromolecules, Vol 33, No. 2, 2000. 

\ 



Scheme 1. Synthesis of A'iyV^i^Siylaminp^a^ (SBDC) 
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Just recently, three papers on controlled rgdical 
polymerization initiated by a surface-grafted initiator 
appeared. In the first two papers, the authors used 
atom transfer radical polymerization (ATRP) to control 
the molecular weight and thereby the layer thickness. 
A disadvantage of this method is the presence of 
inorganic salts at the surface, which woiild require 
further purification steps. The third paper, by Husse- 
man and co-workers, deals with 2,2,6,6-tetramethyl- 
1-piperidinyloxy (TEMPO) -functionalized chlorosi lanes 
for the modification of the surface. The authors obtained 
an accurate control of molecular weight (or layer thick- 
ness) and were able to polymerize sequentially different 
monomers to obtain block copolymers, which is one' of 
the ultimate goals in this field of research. 

Other groups^^ *^ used grafted iniferters on the surface 
of silica gel, which resulted in difficulties regarding the 
characterization of the initiator monolayer formed and 
of the thickness of the polymer layer on the surface. 
Kobayashi and co-workers grafted A/,AA(diethylamirib)- 
dithiocarbamoylpropyl(trimethoxy)silane on a glass sur- 
face and initiated the photopolymerization of sodium 
styrenesulfonate from the surface, but a controlled 
radical polymerization could not be obtained, which 
corresponds to results found in the literature. "^" Na- 
kayama, Matsuda, and co-workers used thin polymeric 
films partially derivatized with A^.AAdiethyldithipcan- 
bamate groups and characterized the different grafted 
polymer layers with scanning force microscopy (SFM);^/ 
in this case the growing polymer chain is not directly 
bound to the (inorganic) substrate. The authors .were 
able to obtain a patterned surface by applying a striped 
projection mask, which is an advantage of photopoly- 
merizations. . ; v . 

In our work, initially we modified the surface with 
thiol-functionalized iniferters, since thiol-terminated 
molecules are known to form thermally stable bound 
monolayers on a gold surface, and moreover these 
molecules can undergo chemical modification iri such a 
layer similar to the reactions in solution. UrifortU- 
nately, the thiol-gold bond proved to be unstable 
toward UV irradiation, and therefore organosilane- 
terminated iniferters were used to graft the inifenter 
monolayer on silicon wafers and glass. The inifenter 
monolayers were used for the surface-initiated photo- 
polymerizations of styrene (St) and methyl methacrylate 
(MMA) into homopolymers and block copolymers. In the 
case of block copolymerization of PS-Z?-PMMA, the 
macroinitiator efficiency is found to be less than/in. the 
photopolymerization of styrene. Furthermore,, the !php-; 
tolysis of the dithiocarbamate end group and other si,cle 
reactions in the MMA polymerization are known to play 
an important role in solution photopolymerizations.^^ 
In our case, however, due to the "confined two- 
dimensional" character of the photopolymerization, the 
efficiency may be improved and side reactions limited. 

We used surfaces with chromium lines as a reference 
and for the facile direct visualization and measurernent 
of the growing polymer layer with SFM. Furthermore, 
we used scanning electron microscopy (SEM), tr^nsfhis- 



(SBDC.2) ■ ■ ' 

sion electron microscopy (TEM), contact angles, IR, and 
X-ray photoelectron spectroscopy (XPS) for providing 
both direct and indirect evidence for the presence of the 
polymer layer on the substrates. 

In this paper we describe the formation of densely 
grafted stable alkoxysiiane monolayers modified with 
iniferter end groups and the "living" free radical pho- 
topolymerizations of styrene and methyl methacrylate 
into homopolymers and block copolymers initiated from 
these monolayers. 

Experimental Section 

Materials. p-(Chloromethyl) phenyl trimethoxysilane (ABCR), 
ethanol, chlorofonn (Labscan), and ciichloromethane (Aldrich) 
were used as received. Prior to use, sodium A/,A^-diethyldithio- 
carbamate (Aldrich) vvcis recrystallized from methanol, THF 
was distilled from potassium, and toluene was distilled from 
sodium/benzophenone. Water was deionized (18.2 MQ'cm 
resistivity) with a Millipore Milli-Q filtration system. Styrene 
(Acros) and methyl methacrylate (Mei'ck) were distilled at 
reduced pressure prior to use. 

Synthesis of Silane-Terininated Iniferter (SBDC). /> 
{Chloromethyl)phenyltrimethoxysiIane (1) (1.48 g. 6 mmol) and 
sodium TVA^-diethyldithiocarbamate (STC) (1.02 g, 6 mmol) 
were each dissolved separately in 10 mL of dry THF (Scheme 
1). The STC solution was added sJowly to (1) via a syringe. 
The solution was stirred for 3 h at room temperature. A white 
precipitate was formed almost immediately (NaCl), and during 
the reaction period the solution became more yellow. The 
precipitate was removed by filtration through a glass filter. 
The THF was evaporated, and a yellow viscous liquid re- 
mained, which was vacuum-distilled in a Kugelrohr (160 ''C. 
0.1 mbar). The product N,A/^(diethylamino)dithiocarbamoyl- 
benzyl(trimethoxy)silane (2) (SBDC) was obtained as a light- 
yellow viscous liquid, 0.638 g (yield: 30%). By synthesizing 
SBDC in bulk instead of on the surface, one can purify and 
characterize die initiating species by 'H NMR. SBDC (2) 
proved to be stable ('H NMR) for months in bulk or solution 
when kept cool and in the dark. 

»H NMR (CDCl-i): 7.65-7.38 (dd, 4H, Cr.//4, -/= 6.5 Hz). 
4.55 (s, 2H, Cf/,S). 4.05 (q. 2H, NCM, J= 6.7 Hz). 3.73 (q. 
2H. NC//2, J= 6.7 Hz), 3.62 (s. 9H, Si(OC//3)3). 1.25 (t, 6H. 
C//3, J= 7.0 Hz). 

Grafting of Silane-Terminated Iniferter (SBDC) on 
Silicon. The Si wafers (or similar substrates) were rinsed with 
water and then sonicated for 15 min in water. This procedure 
was repeated with ethano! and followed by rinsing in refluxing 
CH2CI2 for 15 min. To break the Si-0 bonds on the surface, a 
solution of hydrogen peroxide, ammonia (25%), and water 
(H202:NH3:H20, 1:1:5) was prepared and heated to about 70 
"C, and the wafers were added to t!ie mixture for 10 min. After 
thorough rinsing with water, they wei e immersed in a solution 
of hydrochloric acid (HCl;Hi>0, 1:6) for 30 min at room 
temperature.'^^ The wafers were rinsed with water, ethanol. 
and THF or toluene depending on the solvent used for the 
monolayer formation. 

The freshly prepared wafers were placed directly in a 1—5 
mM solution of SBDC (2) in THF or toluene overnight at room 
temperature (Scheme 2), rinsed with toluene, and dried under 
a dry-prepurified flow. 

"Living" Free Radical Photopolymerization Initiated 
by SBDC. A clean and oven-dry reaction tube was purged with 
argon. Under an argon How, 7 mL of distilled monomer 
(styrene or MMA), 2.5 mL of dry toluene, and the samples, 
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Scheme 2. Idealized Presentation of the SBDC 
Monolayer on Silicon Wafers or Glass 



Table 1. Advancing Contact Angles of Water in Air for 
Cleaned and Modified Si Wafers 
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grafted with the iniferter moiety, were added to the tube. The 
tube was placed at about 10 cm From a 365 nm TQ-ISO UV- 
lamp (150 W) and irradiated for the required time at room 
temperature. After polymerization, the samples were sub- 
merged in 20 mL of dry toluene and sonicated for at least 10 
min to remove homopolymer that may have been formed in 
solution and adheres to the surface. Finally, the surface was 
dried under a prepurified flow and kept in a sealed tube 
under until further use. The samples were charaqterized 
with SFM and subsequently used in blocking experiments \yith 
MMA. For the latter, the samples were submerged in. -2. 5 mL 
of dry toluene, and 7 mL of distilled MMA was added. The 
same procedure as described above was utilized. After the 
photopolymerization of the second block, the samples were 
submerged in 20 mL of dry toluene, sonicated for at least 10 
min, and washed with toluene. 

hi other characterizations (IR, contact angle,. SEM,:.and 
TEM) multiple samples, all prepared in one batch, were used. 
The samples were taken out of the solution after the' required 
polymerization time, washed with dry toluene, submerged in 
dry toluene, and sonicated for at least 10 min. One sample 
was used For characterization, whereas the other samples'were 
submerged in dry toluene and monomer for the conseciative 
photopolymerization. 

Analysis. Fourier transformed 'H NMR spectra , were 
recorded in CDCI3 on a Varian Gemini-200 spectrorrieter 
working at 200 MHz with chloroform as internal reference at 
7.24 ppm. TEM pictures of 80 nm thick cross sections, which 
were deposited on a TEM grid, were taken using a JEOL EM 
1200- EX microscope working at 100 kV. Scanning electron 
microscopy pictures were taken using a JEOL 6320F> field 
emission microscope. Scanning force microscopy images^were 
recorded with a Topometrix Discoverer TMX 2010, equipped 
with a Si:{N/i tip. Topographic images were taken 'in air at a 
force oi' about 10 nN in contact mode. 1-. 

Transmission IR spectra were recorded on a Mattson IR 
spectrometer. X-ray photoelectron spectroscopy (XPS) spectra 
were recorded on a Surface Science SSX-100, using Mg Ka 
excitation, and contact angles were measured on a home-built 
apparatus*^^ as advancing water contact angles. ' 

Results and Discussion 

Grafting of Silane-Terminated Iniferter (SBDC) 
on Silicon and Subsequent Photopolymerization. 

The formation of the SBDC monolayer on silicon v^afers 
and glass was investigated by measuring the contact 
angles of the clean and modified substrate (Table 1). 
Silicon wafers have typical water contact angles around 
10°; when the Si surface is cleaned with prganic 
solvents, however, slightly higher contact angles are 
obtained. The SBDC-modified Si surface shows a con- 
siderable hydrophobic effect as can be seen by the high 
contact angle of 80 ± 5° (Table 1), 



surface 



nieasd 
angle (deg) 



lit. values^** 
(deg) 



cleaned Si wafer 16 ±2 10-20 

Si wafer modified with a monolayei- 80 ± 5 unknown 
of SBDC 

Si wafer after surface-grafted 87 ± 3 87 

homopolymerization of St (15 h) 
Si wafer after surface-draft ed bl ock 66 ± 3 76 

copolymerization of PS-Z jliP^E^ 

(15 h) 

, Further investigations of the SBDC-modified surfaces 
were done by XPS. In Figure 1 the XPS spectrum for 
the SBDC monolayer on a silicon wafer (Figure IB) is 
given, together with a reference spectrum of cleaned 
silicon (Figure lA). The strong silicon peaks of the 
substrate overlap with the sulfur peak of SBDC, and a 
small nitrogen peak (at 400 eV) is observed. Also, the 
carbon peaik at 285 eV has increased, indicating the 
presence of the SBDC moiety. The ratio of the carbon 
and nitrogen peak areas is roughly in accordance with 
that expected on the basis of the molar ratio between 
these atoms in the SDBC monolayer. 

The "living" free radical polymerization of styrene (St) 
and methyl methacrylate (MMA) at the SBDC modified 
Si surface yielded the grafted polystyrene (Si— PS) and 
poIy(methy] methacrylate) (Si— PMMA) layers, respec- 
tively, on the Si surface. 

The value for the contact angle of the polystyrene 
surface is in good agreement with the value found in 
the literature, while the PMMA angle was found to 
be about 10° lower in most cases. The reason for this 
difference is not clear, but one has to consider that the 
literature values are determined on surfaces of PMMA 
bulk samples. In our case, however, we have a grafted 
PMMA layer with initiator end groups. Also, large 
differences in contact angles may originate from inho- 
mogeneities in the very thin grafted polymer layer. 

As expected, the contact angle measurements dem- 
onstrate that both polymer layers are hydrophobic. The 
acrylate groups of PMMA result in a significantly lower 
contact angle than PS (Table 1), enough to distinguish 
between a polystyrene layer and a poly(methyl meth- 
acrylate) layer. Thus, the contact angle measurements 
can be used to follow the growth of polymer bllayers 
upon reinitiation of the polymerization with a second 
monomer. The contact angle measurements, before and 
after the initiation of the second monomer, show quali- 
tative changes in hydrophobicity in the same order as 
found upon switching from a polystyrene to a poly- 
(methyl methacrylate) surface. The merely qualitative 
nature of the contact angle measurements prevents an 
unambiguous characterization of the surface-initiated 
polymer layers. Hence, transmission IR spectroscopy 
(TIR) was used to confirm the results of the grafted 
polystyrene on silicon. The wafers were about 1x1 cm^ 
and 1 mm thick. The spectra are depicted in Figure 2. 
For each measurement 1000 scans were made. Water 
peaks were subtracted by using a reference spectrum. 
The first sample was measured directly after deposition 
of the iniferter monolayer. The other two samples were 
measured after photopolymerization of styrene for 4 and 
10 h, respectively. The photopolymerized polystyrene 
samples show the typical peaks for polystyrene surfaces, 
as can be seen from the reference spectrum (bottom). 
The increasing intensity of the signals after longer 
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Figure 1. XPS spectra of (A) a cleaned silicon wafer and (B) a silicon wafer with the SBDC monolayer. 
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Figure 2. Transmission infrared spectra of Si wafers with SBDC monolayer (top), after photo polymerization of styrene for 4 h 
(second), after photopolymerization of styrene for 10 h (third), and a polystyrene reference (bottom). 



polymerization time is attributed to the growth of 
polystyrene chains from the surface. 

To directly observe these growing layers, extensive 
SFM studies of the polymer and copolymer layers 
initiated from the surface-grafted SBDC iniferter have 
been performed. To follow the thickness increase of the 
growing polymer layer, we employed a patterned glass 
or silicon wafer surface with chromium lines, made by 
photolithography. Chromium is not sensitive toward 
oxidation under these conditions, and the SBDC initia- 
tor monolayer is not grafting onto this metal. Only the 
uncovered silicon surface between the lines is coated 
with SBDC. This method has been used before by 
Fujihara et al.^^ to prepare controlled regions of fluori-. 
nated silane monolayers. . ^ 

In the present study we used the height differences, 
measured with SFM, between the chromium and the 



substrate for determining directly the polymer layer 
thickness during photopolymerization. If the initiator 
SBDC monolayer, deposited between the chromium 
lines, initiates a "living" free radical polymerization, the 
layer thickness would increase with polymerization 
time. After each time step of photopolymerization the 
samples were sonicated and rinsed thoroughly to ensure 
that no adhesion of nongrafted polymers would occur. 
We like to emphasize here that homopolymer, which 
might be produced due to side reactions, will be 
removed by the vigorous cleaning procedure. In Figure 
3, topographic images, cross sections, and the schematic 
representations of typical growing homopolymer and 
block copolymer layers lor a photopolymerization in 
various time steps are shown. The chromium lines are 
155 ± 0.5 nm high and 0.4 fim wide. The space between 
the lines is 0.6 /vin, ensuring an asymmetry in the 
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Figure 3. Topographic images, SFM scan lines, and schematic cross-sectiomil representation or glass slides with chromium 
patterns and the formation of the polymer and copolymer layer: (A) cleaned sample, (B) sample modified with SBDC, (C) after 
photopolymerization of styrene for 5 h, (D) after photopolymerization of styrene for 15 h, and (E) aftei- photopolymerization of 
styrene for 15 h and subsequently MMA for 10 h. 



pattern and facilitating the observation of the growing 
polymer layer. The scanned area is 10 x lO^t^m. At least 
three scans at different places were taken for each 
measurements to confirm the results. The topographic 
images in Figure 3 depict five different stages in the 
polymerization process. The first image (Figure 3A) is 
the clean sample from which the starting height differ- 
ences were determined. After deposition of the initiator 
SBDC monolayer (Figure SB), no change in the height 
differences was observed. This was expected, since the 
layer thickness of a SBDC is ^^1 nm, which is just 
beyond the resolution of the SFM in the particular 
experimental conditions. Moreover, larger changes in 
the height differences at this stage would point to 
polysiloxane, formed in solution from the (trimethoxy)- 
silanes, that is adhering to the surface, or to the 
formation of SBDC multilayers. Obviously, such adverse 
effects are not present. 

After exposing the sample to UV irradiation in a 
styrene solution for 5 h, the expected change in height 
difference was observed (Figure 3C). The growing chains 
fill the gaps between the lines to a height of 25 ± 5 nm, 
which is the thickness of the polymer layer that has 
been formed. When the same sample was used again 
for subsequent polymerization of styrene for 10 h, the 



layer thickness increased to 104 ± 5 nm (Figure 3D). 
Finally, the formation of a diblock copolymer was 
explored using MMA as the monomer for the second 
block. The sample, with a polystyrene layer grown for 
15 h in total, was exposed to UV irradiation for another 
10 h in MMA solution (Figure 3E). This yielded an 
inverse image: the block copolymer had exceeded the 
thickness of the chromium lines (1 55 nm), and the total 
thickness of the block copolymer Iciyer had become 270 
± 5 nm. To verify that polymer did not grow or overflow 
on the chromium strips of the patterned surface, we 
used the SFM in the tapping mode configuration. Figure 
4A displays a clean chromium-lined sample where the 
glass and chromium surfaces are comparable in hard- 
ness. The thin strips at the edges of the lines are due 
to topographic effects. The image on the right (Figure 
4B) shows the relative hardness after monolayer deposi- 
tion and 15 h of styrene photopolymerization. Here, the 
contrast between hard (bright) and soft (dark) areas is 
obvious, indicating the formation of the polystyrene 
layer only outside the cliroinium lines. Similar results 
have been obtained in the block copolymer case. 

The continued growth of the polymer layer (Figure 
3) when the sample is again irradiated by UV light after 
an interruption is the first proof of the "living" character 
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Figure 4. SFM images of the relative hardness of the surface of (A) a clean, chromium-patterned sample and (B) the same 
sample with grafted SBDC and subsequent photopolymerization of styrene for 15 h. 

of the surface-initiated photopolymerization. Further 
proof of the "living" character of the photopolymerization 
is the fact that the consecutive use of two different 
monomers results in the formation of a diblock copoly- 
mer layer. According to the literature, in the cross- 
polymerization from PS to PMMA some difficulties 
might occur regarding the photolysis of dithiocarbamate 
end groups on the PMMA growing end, resulting in a 
less efficient "living" character of the block copolymer- 
ization. In our experiments, however, we have a "con- 
fined two-dimensional photopolymerization" process 
where, due to the high grafting density, the surface- 
growing polymer end explores only a two-dimensional 
space and grows in a uniform way as well as for the 
first and the second block layer. It is possible that the 
surface-initiated "living" photopolymerization proceeds 
in a more efficient way and with fewer side reactions 
than in solution polymerizations. In fact, if during the 
polymerization of the first monomer, styrene, homopoly- 
mer is produced, its inclusion in the grafted polymer 
layer would be energetically unfavorable due to, the 
entropy loss, and it will be washed out in the cleaning 
process. If during the polymerization of the second 
monomer, methyl methacrylate, block copolymer was 
not formed, then no further increase in the layer 
thickness would be observed. Homopolymethacrylate, 
if formed, would not be compatible with the grafted 
polystyrene layer due to unfavaroble enthalpic and 
entropic factors. If, however, both grafted block copoly- 
mer and homopolymer are formed, the surfactant effect 
of the grafted block copolymer will be very inefficient. 
Consequently, the homopolymethacrylate is not dis- 
solved into the grafted block copolymer layer and will 
be removed in the cleaning process. The observed 
thickness increase after the polymerization of the second 
monomer is therefore due to the formation of the block 
copolymer. Furthermore, if in all cases above homopoly- 
mers would have been produced and subsequently 
removed, this would have resulted in a sublinear 
increase of the layer thickness. On the contrary, a linear 
increase in the layer thickness has been observed 
(Figure 5). ' 

The same methodology as above (measuring layer 
thicknesses with SFM) was also used to determine the 
growth of the polymer layer with time. Several sahiples 
corresponding to increasing photopolymerization times 
were measured. The results are shown in Figure 5 and 
demonstrate a linear relation between the increase of 



Pol/merizationtime (h) 

Figure 5. Layer thickness versus photopolymerization time 
for styrene initiated by grafted SBDC on patterned Si wafers. 

the layer thickness, averaged over at least 20 spots per 
sample, and the polymerization time. The large error 
bars are due to the fact that the layer thickness is not 
only determined by the polymer chain length but also 
by the grafting density of the initiator, a parameter 
which is difficult to control with accuracy. As a conse- 
quence, there is a large variation of the layer thick- 
nesses from sample to sample. The continuous increase, 
however, in layer thickness, as displayed by the line 
fitted with linear regression, is the result of linear 
growth of the polymer chains from the surface, as 
expected with "living " polymerizations in general. 

Viewing a cross section of a sample with a surface- 
grafted polymer layer by means of electron microscopy 
will further complement the insights into the charac- 
teristics of our polymerization with surface-grafted 
iniferter initiators. For this, a scanning electron micro- 
scope (SEM) was used. The monolayer was prepared on 
a Si wafer, and photopolymerization of MMA for 15 h 
and subsequently styrene for another 15 h was per- 
formed. The water was then broken, and the edges of 
the pieces were investigated with SEM (Figure 6). Here, 
a polymer layer of about 100 nm thick is clearly visible 
as the light-gray band in the middle. The dark-gray area 
on the right is the silicon substrate, while the thin white 
line at the left edge of the polymer layer is due to 
scattering of the electron beam. This thickness is in 
agreement with the results obtained with the SFM 
measurements. With the use of TEM the formation of 
block copolymer was unambiguously confirmed. In 
Figure 7, a TEM image after 15 h of styrene and 15 h 
of MMA photopolymerization is shown. TEM samples 
were prepared by using small disks (diameter ca, 0.8 
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Figure 6. SEM image of PMMA— PS block copolymer grafted 
on the surface. ^ ; ' , 
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Figure 7. TEM image of block copolymer layer of PS -PMMA 
grafted on the surface (stained for 19 h with OSO4). 

cm) of a cross-linked epoxy resin (EPON), which were 
covered with 40 nm of silicon via evaporation with an 
electron beam. The epoxy resinous substrate used in this 
method, coated with a thin silicon film, could be treated 
in the same way as normal Si wafers. At the surface of 
this layer, the iniferter (SBDC) from which the: copo- 
lymerization was performed was grafted. After staining 
with Os04 for 19 h, two distinct layers appear;ed,,namely 
a bright layer (30 nm) covered by a very tBih darker 
layer (15 nm). As OSO4 stains PMMA more selectively, 
the upper layer is PMMA, as expected. The fact that 
the top layer is thin is due mainly to its depolymeriza- 
tion by the electron beam. Thus, direct evidence for the 
formation of a block copolymer layer on the surface is 



obtained. The confirmation of the existence of the block 
copolymer layer with TEM imaging demonstrates in an 
elegant way our initial objective of initiating a "living" 
free radical polymerization from a surface, producing 
thus, in a controlled manner, grafted thin homopolymer 
and block copolymer layers. 

Conclusions 

To modify the surface properties of (in)organic ma- 
terials, we successfully covalently attached a stable 
monolayer, with high grafting density, of 7VA^-(diethy- 
lamino)dithiocarbamoylben2yi(trimethoxy)silane on the 
surface of silicon wafers and glass slides, thereby 
creating a surface-grafted photoinitiator for "living" free 
radical photopolymerization. In this way, we have been 
able not only to change the hydrophilicity of the surface 
by polymerizing different monomers but also to create 
polymer bilayers, which are directly tethered to the 
surface. The increase in layer thickness after photopo- 
lymerization was directly measured by SFM using 
silicon wafers patterned with chromium. Furthermore, 
the samples were characterized by contact angle mea- 
surements, XPS, transmission IR, SEM, and TEM, The 
photopolymerizations of styrene and MMA monomers 
were used to demonstrate the surface-initiated "living" 
free radical photopolymerization representing a polym- 
erization method in a "confined two-dimensional space". 
This is supported by (a) the linear increase of the 
polymer layer thickness, (b) the reinitiation of the 
photopolymerization after interruption of the process, 
(c) the occurrence of block copulymerization after switch- 
ing from styrene to a methyl methacrylate monomer, 
and (d) the formation of a well-defined homopolymer 
monolayer or block copolymer bilayer. 

Thus, a "living" free radical polymerization, initiated 
from a surface-grafted monolayer of an iniferter initia- 
tor, has been demonstrated, providing new ways to 
modify the properties of substrate surfaces and to create 
polymer monolayers and block copolymer bilayers and 
opening new routes toward functional surfaces. 
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Two different types of three-generation liyperbranched graft surfaces with parent chain (stem) , daughter 
chain (branch chain), and granddaughter chain (twig chain) were sequentially prepared by iniferter 
(j77ytiator—trans/er agent— tominator) -based quasi-living radical graft copolymerization using photolysis 
of the benzyl N.A^'-diethyldithiocarbamate (DC) group. The graft copolymerization of chloroinethylstyrene 
(CMS) with A^.AAdimethylacrylamide (DMAAm) or A(,A/-dimethytaminoethyl methacrylate (DMAEMA) 
was initiated on DC-derivatized surfaces under ultraviolet irradiation, followed by dithiocarbamylation 
on CMS units in the graft copolymer chains. The repeated cycles of photopolymerization/dithiocarbamylation 
provided successively higher generations of graft architectures. The stepwise progress of the branching 
stage was evidenced with changes in surface elemental composition and wettability and visualized by dye 
staining. From the typical force-versus-distance curves obtained by atomic force microscope measurement, 
some structural information of graft polymers was estimated. 



Introduction 

Precise architecture of surface graft chains may be 
needed for prevention of biocolloidal adsorption and 
adhesion in biomedical applications. Conventional radical 
graft polymerization techniques cannot control molecular 
parameters such as chain length and chain shape including 
block and branching due to the high reactivities of free 
radicals.' However, recent progress in the controlled 
radical reactivity technique a tfoKoo^a^'pQlfiS'inTeri®, ^""^ 
including niti'oxide-mediated stable free radical polym- 
erization (SFRP),^'^"^ atom transfer radical polymerization 
(ATRP),^'^"'^ and reversible addition-fragmentation chain 
transfer polymerization/^ has enabled the design of precise 
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and elegant macromolecular architectures.'''"'^" Highly 
branched or hyperbranched polyn^ers have drawn the 
attention of various research groups for 10 years, and a 
variety of hyperbranched polymers have been pre- 
pared. The majority of hyperbranched polymers have 
been made using step growth polycondensation reactions 
of AB2 type monomers, where A and B represent two 
different functional groups. On the other hand, on surface 
polymerization few hyperbranched polymer surfaces were 
prepared. 
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Figure 1. (A) Reaction mechanism of the iniferter-based quasi-living radical polymerization. (B) Chemical structure of 
dithiocarbamate group derivatized polyST (poly(ST-co-VBDC)). (c) Reaction mechanism of dithiocarbamylation of chloromethylstyrene 
group derivatized polymer. 



Our attempt to design a p recision^s u rfaGe^gi^ft ^ ^ 
tectur e utihzed photochemistry ofl^^Slp^mngBap 
^iSyS^^Bjij li by which reversible^tran^formation be- 
tween a n'^active and a dormant species at a propagating 
end is strictly controlled, leading to quasi-living polymeri- 
zation. -^^"^^ This iniferter polymerization method (Figure 
lA), which was first developed for controlled macromo- 
lecular architecture in solution by Otsu et al.'*"''^ in the 
early 1980s and proceeds during ultraviolet (UV) irradia- 
tion at room temperature, is particularly beneficial to 
surface functionalization on fabricated biomedical devices. 
Applying this iniferter-based polymerization method, -the 
authors have designed various surface graft architectures 
controlling the chain length,-*^ block graft chain, 
gradient chain length,'^^-^^ and regionally graft-polymer- 
ized pattern-^'^'^^'^^ surface. 

More complex but controlled hyperbranched -graft 
architectures were prepared in our previous paper/-^^ The 
principle is based on a sequential reaction of iniferter 
copolymerization with chloromethylstyrene (CMS) and 
subsequent dithiocarbamylation of the CMS units in the 
copolymers. After a stem (parent) chain was progressively 
propagated from an iniferter-immobilized surface, CMS 
units in graft chains were dithiocarbamylated. Subse- 
quently, a branch (daughter) chain was progressively 
propagated on multiply derivatized iniferter units in the 
stem chains. The chain length for both parent and 
daughter chains was controlled by photoirradiation time, 
and the degree of branching was determined by. the 
composition of CMS units. Figure 2 represents the 
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Langmuir 15, 2080. 

(38) DuFife, K. M.; Colton, E.; Nakayama. Y.; Matsuda, T.; Anderson, 
J. M. J. Bionied. Mater. Res. 1999, 45, 148. 

(39) Lee. H. J.; Nakayama, Y,; Matsuda, T. Macrornolecules 1999, 
32, 6989. 

(40) Otsu, T.; Yoshida, M. Macromol. Chem. Rapid Commim. 1982. 
J. 127. 

(41) Otsu. T.; Yoshida. M.; Tazaki, T. Macrowol Oiein. Rapid 
Comniun. 1982. 3, 133. 



schematics of the preparation of the first generation (GI) 
to ;7th generation [Qn) graft architectures, in which each 
generation consists of two steps: dithiocarbamylation 
(Figure IC) as multiple iniferter-derivatized sites on 
chains and subsequent iniferter polymerization (Figure 
lA). Semiquantitative analysis of the graft chain lengths 
of stem and branch chains was assessed by the newly 
developed differential fluorescent technique, which con- 
vinced us that a well-controlled graft architecture was 
realized as designed. 

In this study, as an extension of our series of studies 
on controlled hyperbranched graft surface designs, a three- 
generation branched-graft architecture consisting of par- 
ent (stem), daughter (branch), and granddaughter (twig) 
chains was prepared. Some insight into structural infor- 
mation on the graft architectiu^e was provided by force- 
versus-distance curves measured by atomic force micro- 
scope (AFM). 

Materials and Methods 

Materials. CMS {in- and p-i nixturu) was obtained from Tokyo 
Chemical Industry Ltd. (Tokyo. Japan). Styrene (ST) was 
purchased from Ohken Co.. Ltd. (Tokyo, Japan). Solvents and 
other reagents, all of which were oi" special reagent grade, were 
obtained from Wako Pure Chein. Inci. Ltd. (Osaka, Japan) and 
used after conventional purification. Poly(ethylene terephthalate) 
(PET) film was obtained from Toray Co., Ltd 



DC-Derivatized PolyST Coated Surface^ 



j^^^^STVwas prepared according to the method previously reported 
by us."^ Brielly, the mixture oi' ST (0.83 g, 8.0 mmol) and 
vinylbenzyl N.AAdiethyldithiocarbamate {VBDC, m- and p- 
mixture, 0.53 g, 2.0 mmol) in A/.A/-dimetiiylformamide (13.7 mL) 
including AlBN (Imonomerj/iinitiatorj - 100, molar ratio) was 
shaken for . 3 h at 60 ^C. The resulting poly(ST-cf>-VBDC) 
copolymer (DC-derivatized polyST) was purified by reprecipi- 
tation in a toluene-methanol system three times. The yield was 
0. 1 2 g (8.5%). The molecular weight of the polymer was estimated 
by gel permeation chromatograpiiy (GPC) analysis; Mn = 5 1 400 
(PST standard, eluent CHCl;^). The content of DC unit in the 
copolymer, which was determined by 'H NMR spectroscopy from 
the integral ratios between the aromatic protons (f) 6.3-7.2) and 
the remaining S-methylene protons (() 4.2-4.6) of the dithio- 
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Figure 2. Schematic drawing oi' tiie first generation (CI) to /Ttii generation (C/?) graft arcliitectures 



carbamyi group, was found to be 25.1 mol %. A toluene solution 
of the DC-derivatized polyST {3 inL, 1%) was coated on PET 
films (15 X 15 mm), which were used as substrates. 

Surface Photograft Polymerization. The DC-derivatized 
poly ST films were placed in a glass dish (diameter 30 mm) . poured 
with 0.5 mL of a monomer-containing methanol solution (0.5 
mol/dm-^), and then covered witii a sapphire plate (diameter 25 
mm, thickness 1 mm). Monomers used were CMS, N,N-6i- 
methylacrylamide (DMAAm), and A/,AAdimethylaminoethyl meth- 
acrylate (DMAEMA). The films were then UV-irradiated through 
the sapphire plate in an atmosphere of nitrogen with an ultrahigh- 
pressure mercury-vapor lamp (250 W. SPOT CURE250,'Ushio 
Inc., Tokyo, Japan). The light intensity, measured with a 
photometer (UTR- 1 , Topcon, Tokyo, Japan) , was 5 mW/crri^. The *- 
temperature of the polymerized samples was maintained around 
20-25 "C. The photograft-copolymerized films were rinsed with 
methanol and ethanol and then dried in air. 

Preparation of Multiple-DC-Derivatized Film. The poly- 
(CMS-co-DMAAm) or poly(CMS-cr>DMAEMA) graft-copolymer- 
ized films were immersed in 10 mL of an ethanol solution of 
sodium A^.TV-diethyldithiocarbamate trihydrate (2 g, 9. mmol). 
After the solution was shaken for 24 h at room temperature, the 
multiple-DC-derivatized film was obtained. The films were 
thoroughly rinsed with ethanol, dried in air, and stored in a dark 
desiccator. 

Preparation of Regionally Different Graft-Copolymer- 
ized Surface. DC-derivatized polyST film was tightly placed on 
a photomask with a linear opening (line width 2, 1, or 0.5 mm) 
(Four Leaves Co., Ltd., Osaka, Japan) and covered with a sapphire 
plate after being filled with a monomer-containing methanol 
solution. The films were irradiated through the photomask, rinsed 
with water and alcohol, and then dried in air. After immersion 
into an ethanol solution of methyl iodide, the surface-grafted 
films were stained with a dilute aqueous solution of rose bengal 
(Acid Red 94, CI. 45440) (1 .0% w/v) for visualization of the graft- 
copolymerized region. " 

Physical Measurements. All 'H NMR spectra were recorded 
in CDCl:i solution usingtetramethylsilane (0 ppm) as an internal 
standard with a 270 MHz NMR spectrometer (GX-270, JEOL, 
Tokyo, Japan) at 30 *'C. X-ray photoelectron spectra were taken 
with a Shimadzu ESCA 3400 (Kyoto, Japan) using a magnesium 
anode (Mg Ka radiation) at room temperature and 3 x l0~^Torr 
(10 kV, 20 mA). Static contact angles toward deionized water 
were measured with a contact angle meter (Kyowa Kaimen 
Kagaku Co., Ltd., Tokyo, Japan) at 25 "^C by the sessile drop 
method. Force-versus-distance curves were obtained by AFM 
(Dimension 3000, Digital Instruments, Santa Barbara, CA) using 
a probe tip with spring constant (0. 1 2 N/m) and operated at the 
frequency of the approach/retract cycle of 3.2 Hz. AFM images 
(400 X 400 pixels) were obtained using the "height mode",- which 
kept the force constant, and visualized using the "surface mode". 



Cross-sectional topography of selected regions in the AFM images 
was obtained with. Digital Instruments software. 

Results 

Two different types of three-generation-graft chains 
were prepared from the iniferter- based copolymerization 
of CMS with DMAAm or DMAEMA on surfaces thinly 
coated with the iniferter-derivatized copolymer (pQly(ST- 
co-VBDCy, content of DC unit, 25 mol %) (Figure IB). The 
grafted chains of DMAAm exhibited a water-soluble, 
nonionic character in water, whereas those of DMAEMA 
further subjected to quaternization exhibited a water- 
soluble, cationic character. 

Preparation of Nonionic Hyperbranched Grafts: 
Stem— Branch— Twig Architecture. Iniferter-driven 
surface photograft copolymerization was initiated from 
the surface of the DC-derivatized polyST film (generation 
0, GO in Figure 3) in methanol solution containing CMS 
and DMAAm at a feed mole ratio of 1:20 (step I in Figure 
3). After 5 min of irradiation, the treated surface was 
immersed into ethanol solution containing sodium N,N- 
diethyldithiocarbamatefor 24 h (step II in Figure 3). X-ray 
photoelectron spectroscopy (XPS) measurement showed 
both markedly increased Cl/C and N/C ratios upon 
photoirradiation, and markedly reduced Cl/C and in- 
creased S/C were observed upon dithiocarbamylation 
(Figure 3A). These indicate that CMS-DMAAm graft- 
copolymerized chains as the stem chains were produced 
on the treated surface (stem architecture: first generation 
(GI), b in Figure 3) and then on multiple-DC-derivatized 
CMS units (c in Figure 3). In a separate solution 
experiment using benzyl A^,A/-diethyldithiocarbamate as 
a soluble iniferter, the composition of copolymer, produced 
under the same conditions as the surface graft copolym- 
erization mentioned above, was found to be approximately 
20 mol % for polyCMS (data not shown). This suggests 
that the graft chain was composed of one CMS unit per 
five monomer units on an average. 

The successive sequential procedure of photopolymer- 
ization (step III in Figure 3) and dithiocarbamylation (step 
IV) under the same conditions employed for the stem 
architecture resulted in the same trend for the changes 
in Cl/C and S/C ratios (Figure 3A). These indicate that 
branched graft chains were produced (branch architec- 
ture: second generation (Gil), d in Figure 3) followed by 
multiple-DC-derivatized CMS units (e in Figure 3), 
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Figure 3. (A) Elemental ratio in XPS measurements and (B) water contact angle changes in the sequential progress of the 
branching stage by the alternate reactions of photograft copolymerization and dithiocarbamylation from the nongrafted DC- 
derivatized surface (GO) to the third-generation surface (GUI) and schematic drawing of the stage progress. 



Photoi rradiation on such treated film in DMAAm aqueous 
solution (step V) resulted in markedly increased 0/C and 
NIC ratios close to the theoretical value (0.20) whereas 
little significant detection of CI and S atoms was observed, 
indicating that polyDMAAm was grafted on branched 
chains (twig architecture: third generation (GUI), fin 
Figure 3). 

Figure 3A,B summarizes the changes in relative el- 
emental intensity to carbon atom and water contact angle 
as a function of a repeated series of photopolymerization 
and dithiocarbamylation. The water contact angles, both 
advancing and receding angle, synchronously decreased 
upon photopolymerization probably due to the hydrophilic 
PDMAAm unit but increased upon dithiocarbamylation 
due to the hydrophobic component of the DC unit. 

Regionally Different Third-Generation-Graft Ar- 
chitectured Surface. The DC*derivatized surface with 
regionally different hypergeneration-graft architectures 
(the coated surface as previously mentioned) was sequen- 
tially prepared from CMS and cationic monomer, DMAE- 
MA, using photomasks with different line widths (2,1; 
and 0.5 mm). The conditions of polymerization and 
dithiocarbamylation were the same as those for PDMAAm 
hyperbranched grafts mentioned above. After photopo- 
lymerization through a photomask tightly placed on the 
surface, quaternization of the DMAEMA unit was carried 
out with methyliodide. These sequential reactions using 
different-sized photomasks were repeated three times. 
First, the stem architectured surface was prepared in a 
2 mm striped pattern (GI) on the DC-derivatized surface 
(GO). Second, the GII surface was created with a 1 nlm 
striped pattern on the GI grafted region, and last, the 
GUI surface was created with a 0.5 mm striped pattern 
on the GII grafted region. Rose bengal (anionic dye) 
staining after quaternization clearly differentiated the,, 
sequential formation of the regionally different multi- 
generation-graft architectures as shown in Figure 4. It 
was apparent that the qualitative color intensity of staihed 
areas was in the order of GUI > GII > ' GI >>' GO 
(nontreated) . 



Force-versus-Distance Curve with the AFM. To 

characterize the nature and structure in water of the 
prepared regionally different niultigeneration-graft ar- 
chitecture shown in Figure 4, furce-versus-distance {f—d) 
curves using an atomic force microscope were determined 
in water between the grafted layer and the AFM silicone 
nitride probe tip. There was a marked difference in the 
f—d curves between nongrafted and grafted surfaces 
(Figure 5). When the tip was lowered to contact with the 
nongrafted (GO) surface, the repulsive force was generated 
as a linear function of tip distance (note that this is due 
to the enforced bending of a cantilever upon pushing down 
to the surface; theoretically, a very sharp repulsion force 
should be observed for nondeformable surfaces if the 
cantilever does not bend upon high loading) (Figure 5A). 
There was no appreciable hysteresis between approaching 
and retracting traces, indicating that there was little 
appreciable detachment force usually observed for the F—d 
curve of the retracting trace on hydrophobic surfaces. 

On the other hand, for the GI surface, a slightly 
exponential f-d cuvve was found for the approaching trace 
and hysteresis between the approaching and retracting 
traces was observed, indicating the formation of graft- 
polymerized layer (Figure 5B-1). The graft density was 
estimated to one chain per 20-30 nm'^ ('^0.04 chain/nm^) 
from our recent AFM study. '''^ When the cantilever tip 
was sufficiently pushed down on the surface, the f—d 
curves for both traces became identical. The separation 
point of the /^c/ curves of these traces was conveniently 
defined as the completely compressed state generated by 
enforced loading. The repulsive interaction distance 
between the completely compressed location (position a 
in Figure 5B-1, top of the compressed graft layer) and the 
repulsion-initiating location (position b in Figure 5B-1, 
top of the swollen graft layer) where repulsive force is 
first appreciated in an approaching trace was roughly 
estimated as about 100 nm. In a water-swollen graft layer, 

(42) Kidoaki, S.: Nakayaina. Y.; Matsuda. T. Langnniir 2(S(M, 17, 
]080. 
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Figure 4. Visualization of tlie sequential progress of the 
branching stage by staining with rose bengal. The DC- 
derivatized polyST surface (GO) was graft-copolymerized with 
CMS and DMAEMA, followed by quaternization, while nar- 
rowing the irradiation area in each polymerization stage (A, 
GI; B, GI + GTI; C, CI + GII + G III) by the combination of three 
kinds of photomasks with linear openings (line width: 2 mm 
for GI, 1 mm for GII, 0.5 mm for GUI). Bar = 0.5 mm. 

the real thickness of a graft layer can be defined as the 
sum of the compressed graft thickness and the repulsive 
interaction distance.'*^ The compressed thickness, deter- 
mined by cross-sectional analysis from AFM scanning 
images of the boundary area between the grafted and 
nongrafted regions in air, was about 30 nm (Figure 5B-2). 
Therefore, the real thickness was estimated as about 130 
nm in the GI surface. The observed hysteresis and 
appreciable detachment strength in the f-d curve, 
estimated from an adhesive jump in the retracting trace 
and multiple jumps, strongly suggest that the tip/graft 
layer interaction was complex. 

The GUI surface had a much higher compression force, 
larger repulsion interaction force, and higher degree of 

(43) Kidoaki. S.; Ohya, S.; Nakayama. Y.: Matsuda, T. Langmuir 
2001, 17, ^402. 



hysteresis than the GI surface, indicating that although 
cationically charged water-soluble poIyDMAEMA graft 
chains show steric interaction as the tip approaches the 
outermost layer of the graft chain in water, once the tip 
is forced to penetrate into a graft layer, high resistance 
to deformation and high detachment force are exhibited 
(Figure 5C-1). The real grafting thickness of the GUI 
surface was about 160 nm (tlie repulsive interaction 
distance, about 120 nm; the compressed thickness, 40 nm; 
Figure 5C-2) , which was close to the value observed in the 
GI surface. 

Discussion 

The repeated cycle of iniferter-based photopolymeri- 
zation and subsequent dithiocarbamylation produced a 
controlled graft architecture: the former reaction deter- 
mines both chain length and content of precursor unit (or 
branching site), and the latter reaction produces iniferter 
on derivatization chains. Our previous study preparing a 
controlled graft architecture of stem and branch chains 
showed that chain length and degree of branching were 
semilinearly proportional to photoirradiation time and 
CMS content in the copolymers, respectively. ' ' These were 
quantitatively determined by differential fluorescent 
intensity between grafted and nongrafted regions using 
a confocal laser scanning microscope. 

This study was extended to design a more complex 
structure including twig (or granddaughter) chains. XPS 
measurement and water contact angle measurement 
clearly showed synchronous changes in elemental ratios 
and wettability, responding to photopoiymerization (chain 
extension or branching) and dithiocarbamylation (or 
multiple-derivatized iniferter on a chain) (Figure 3). These 
results showed that such sequential reactions lead to a 
more hyperbranched graft architecture. Repeated cycles 
of photopolymerization/dithiocarbamylation progressively 
produced higher wettability as the generations of graft 
architecture progressed, in addition, higher generation 
graft surfaces were more densely stained, as clearly 
visualized on the regional multigeneration-graft archi- 
tecture surface (Figure 4). 

On the other hand, structural information on the graft 
chains in water was obtained by /— c/curve using the AFM 
(Figure 5). In principle, /— c/ curve measurement could 
provide invaluable dynamic information on the structure 
of the swollen graft architecture upon enforced pushing- 
in of a tip into and pull-out from the swollen graft layer. 
It was apparent that as rnultigeneration progressed, 
liyperbranching of the graft architecture was enhanced, 
resulting in higher spacio-density of the graft chain. This 
may reflect the mechanical properties of swollen graft 
architectured surfaces. As evidenced by the comparison 
of f-d curves of GI and GUI surfaces, with increasing 
generations a higher steric repulsion was observed as the 
probe tip made contact with the outermost graft chain 
and penetrated into a graft layer, both of which were 
derived from higher spacio-density of graft chains and 
configuration or topology of hyperbranching. The degree 
of hysteresis between approaching and retracting traces, 
which may be derived from the elastic pushing-out force 
generated upon compression of graft chains, was larger 
for the GUI surface than for the GI surface. In addition, 
detachment (or adhesive) strength was found to be larger 
for the GUI surface than for the GI surface. Multiple 
adhesion jumps were also observed. These may indicate 
that higher generation graft chains combine their inter- 
actions with the tip when subjected to enforced mechanical 
loading, resulting in the high elastic modulus of the water- 
swollen graft layer and a higher probability of multiple 
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Figure 5. Force- versus-distance {f~d) curves using the atomic force microscope on (A) the DC-derivcUi/.eci polyST surface and 
CMS-DMAEMA graft-copolymerized surfaces (B-1, GI surface; C-1, GUI surface in Figure 4). Also shown are line scan spectra 
for the cross-sectional topography between the boundary area of the grafted and nongrafted regions of the GI (B-2) and GUI (C-2) 
surfaces. 



interaction of graft segnnents with the tip. On the other 
hand, between the GI and GUI surfaces there was little 
change in the graft thickness in water, which was defined 
as the sum of the repulsive interaction distances and the 
compressed graft thickness, as indicated in our AFM 
study"*^ of the water-swellable graft layer. This suggests 
that the thickness of the graft layer did not significantly 
increase but the three-dimensional density of the graft 
chains was elevated with the progress of the ■ graft 
polymerization stage. 

We demonstrated a multigeneration hyperbranched 
graft architecture up to three generations. However, in 
principle, higher generation (/7th) graft architecture is 
feasible upon repeated cycles of the two reactions described 
above (Figure 2). The spacio-resolved graft architectural 
method described here offers multiple choices of graft 
architectures in terms of main chain length, branch- 



branch length, chain composition, and degree of hyper- 
branching. In addition to the increased spacio-density of 
gi^aft chains, the configuration or topology of hyper- 
branching may lead to different mechanical properties as 
compared with linear grafted chains obtained by conven- 
tional radical polymerization methods. 
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ABSTRACT \ 

iggiLz yl^N^eitK yliditliip and xylylene bis(N-ethyl- 

dithiocarbamate) (XEDC) were prepared, and used as mono- and bi- 
functional photoinif erters, respectively, of the polymerization of 
styrene and methyl methacrylate. These photopolymerizations were 
perfdrmed via a living radical polymerization mechanism in homo- 
geneous system. The polymers obtained by BEDC and XEDC still con- 
tained one and two reactive N-ethyldithiocarbamate end groups, re- 
spectively, bonded at their chain ends. When these polymers were 
reacted with nucleophiles and copper(n) ion, the chain extension 
reactions were observed to occur depending on their functionality. 
By using the polymers obtained by BEDC and XEDC as mono- and bi- 
functional polymeric photoinif erters, the AB and ABA block copoly- 
mers were also obtained, respectively. Similar results were ob- 
tained by using benzyl N,N-diethyldithiocarbamate(BDC) and xylylene 
bis (N,N-diethyldithiocarbamate) (XEDC) as mono- and bifunctional 
photoiniferters, respectively. These results were also compared and 
discussed. 



INTRODUCTION 



Since the termination in bulk polymerization of styrene(St) 
with azobisisobutyronitrile at temperatures below 80**C [1] occurs by 
recombination, the polymer obtained has two initiator fragments 
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bonded at its chain ends. However, in radical polymerization of 
many monomers, the termination by disproportionation and the chain- 
transfer reactions to the compounds existed in the system occur 
importantly, and hence the number of the initiator fragment per one 
polymer molecule is always less than 2. 

If the initiator (R-R') used has high chain transfer to the 
initiator and/or primary radical termination, reactivities, the poly- 
mer with two initiator fragments can be obtained [eq,(l)]. 

R-R' + n M R-{-M-4-R' (1) 

n 

In such cases, the polymer formation is defined as insertion 
reaction of the monomer molecules (M) into the R-R* bond of the ini- 
tiator. In a previous paper [2], we proposed to call such initiators 
init iator- trans fer agent- term inator (iniferter) . The concept of 
initiator-transfer agent (inifer) in cationic polymerization has al- 
ready been proposed by Kennedy [3]. 

From the above definition, the iniferters can be classified 
into various types, such as monofunctional iniferter, bifunctional - 
iniferter; thermal iniferter, photoinif erter ; monomeric inif erter ; 
and polymeric iniferter, etc, 'K, 

Many initiators which have been used seem to be able to serve..' 
as iniferters, if monomers and polymerization conditions are se- ' . 
lected. Some examples which may give mono- and bifunctional oligq^ 
mers or polymers are shown as follows: ''^ 

a) Peroxides — These compounds show relatively high chain transfer . 
reactivities [1] , 

RO-OR + n M R04- M -)^0R (2^ 

RO-OR • + n M — R0+- M -^OR ' C^) 

Where R and R' are hydrogen, alkyl and acyl groups. 

b) Azo compounds — Aliphatic azo compounds show no chain transfer 
reactivity (1), but in some tetraphenyl and unsymmetric azo com- 
pounds, primary radical termination has been known to occur im- 
portantly [4, 5] . 



j^lVING RADICAL POLYMERIZATION 
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'Where X is alkyl and other groups. 




^ Where X is S and NH groups. 

c). Organic sulfur compounds — These compounds show high chain 
.transfer reactivity [6-12] and a part of thiyl radicals produced 
■ may undergo primary radical termination [9] , because they 
V are not so reactive for initiation. 



RS-R' + n M ' > RS -^M-4^R' (7) 

RS-SR + n M RS 4- M-^R (8) 

RS-SR- + n M -r^^ RS 4- M-4-SR' (9) 
or A " 

Where R and R' ^are hydrogen, alkyl, acyl and thiocarbonyl groups. 

d) Tetraphenyl ethane derivatives — Hexaphenyl ethanes easily dis- 
sociate into triphenylmethyl radicals which are so stable and 
they can not enter into initiation [13] . However, some di- 
phenylmethyl radicals can participate into both initiation and 
termination. 




Wher X is CN[14], C2H^[15], OC^H^ groups [16]. 
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Thus, when such iniferters were used for radical polymerization 
of vinyl monomers, various mono- and bifunctional oligomers or 
polymers might be obtained, and used for synthesizing of the other 
functional and block polymers. 

In 1957, we reported that the polymers obtained by tetra- 
ethylthiuram disulfide could induce radical polymerization of 
second monomers leading to block copolymers [17, 18] , as follows. 

2 bN^^.^.g.g^^.^/ 2 5 j^nMj^ 2 5y^_^_^^^^ .^_^_^^ 2 :5 
^ ^ S S ^2^5 -2^5 S S ^2^^5 

C H C H 

C2H5/ „ 1 n 2 m J, \ 

0 , b ZD 

Although this reaction scheme was not ascertained, some block 
copolymers as polystyrene-b-polymethyl methacrylate[17] , polystyrene 
b-polyvinyl acetate [18] and polystyrene-b-polyvinyl alcohol [18] were 
prepared by this technique. Recently, the end group in this poly^ 
mer was confirmed to be diethyldithiocarbamate sensitive for photo-- 
dissociation, and the number of this end group per one polymer mole-, 
cule was found to be kept constant as nearly 2 during the polymeri- 
zation[19]. If these were true, the photopolymerization of vinyl 
monomers with tetraethylthiuram disulfide is expected to proceed via 
a living radical mechanism[20] even in homogeneous system which is 
similar to living ionic polymerization which was discovered in 1956'- 
by Szwarc [21,22] . 

From "such results and consideration, we recently proposed a 
model for living radical polymerization in homogeneous system by 
using phenyl azotriphenylmethane and tetraethylthiuram disulfide as 
thermal and photoinif erters, respectively [20] . This idea is at- 
tributed to that a short-lived unstable radical including propa- 
gating radical is only existed as its dimer consisting of covalent 
bond, and if this bond can dissociate, the unstable radical may be 
supplied into the system. Therefore, this model can be expressed 
as follows: 
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-CH;r-CH-B 
^ I 
X 



-CHr-CH- 
2 I 
. X 



_ + n CH^=CHX 



2 I n 2 I 



±: 1 + 2 



+ m CH;,=CHX 

^ ^ 



— (CH5-CH>"CH5-CH-B 
n / I m z I 

X X 



C12) 



..Namely, the propagating chain ends which can dissociate 
thermally or photochemically into a propagating radical (1) and a 
small .radical (2) which must be stable enough not to initiate new 
polymer chain, and recombine easily with propagating radical. If 
these .dissociation, monomer addition and recombination cycles are 
repeated, such a radical polymerization proceeds apparently via a 
living. radical mechanism. The polymerizations by phenylazotri- 
phenylmethane and tetraethylthiuram disulfide as thermal and photo- 
iniferters are clear to be an example for such polymerization. 

Therefore, in the polymerization of styrene and methyl metha- 
crylate with these iniferters, the yield and average molecular 
weight of the polymers were found to increase as a function of the 
polymerization time[20]. The efficient forma^tion of two or multi 
component block copolymers [23,24] might support that these poly- 
merizations proceeded via living radical mechanism in homogeneous 
system, as shown in eq. (12) . 

/However, the structure of the polystyrene obtained by tetra- 
ethylthiuram disulfide, as an example, is expressed by eq. (13) [19] . 



^^NC-S-CH ^-CH -f-CH ^ -CH) 

■ r H ^ f 
'^2^5 S lOj 



^H;r-CH-?-S-CN 

n-2 2 ^ II H 
S ^2^5 



L 



(13) 



J 



From this equation, the diethyldithiocarbamate groups are 
bonded to both polymer chain ends with a different linkage, a. and b, 
which are expected to show different reactivities for photodissoci- 
ation and initiation. In fact, phenylethyl diethyldithiocarbamate and 
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benzyl diethyldithiocarbainate, model compounds f or and end groups, 
respectively, were observed to show a different reactivity for 
initiation as the result of photodissociation at the different C-S 
bonds[25] which are shown by an arrow in eq.(l3), i.e. the latter 
model compound was effective photoinif erter rather than the 
former [24] . 

To design the AB and ABA type structure of block copolymers 
by this technique, therefore, we must choose mono- and bifunctional 
polymeric photoiniferters, respectively, which consisted of identi- 
cal bonds. For this purpose, benzyl N,N-diethyldithiocarbamate 
(BDC) and xylylene bisCN,N-diethyldithiocarbamate) (XDC) were synthe-' 
sized, and used as mono- and bifunctional photoiniferters, respect-:^ 
ively, in the polymerization of styrene and methyl methacrylate[26'].* 
If these styrene polymerizations proceed according to a living \ 
radical mechanism [eq.Cl2)], the polymers with an identical chain ^ . 
end group seems to always be formed during the polymerization, as is/, 
shown in eqs,(14) and (15). 

^9"q + n q^- /^^\ . / 2 5 



BDC 



BDC-PSt (14) 



C-H. C^Hg 
CH^-SCN'' ^ ^ CHr— fCH-^CHf— ^CH-=CH-SCN 



S ^2^ [g) S -2"5--, 

XDC XPC-PSt ^^j-j 

These possibilities were confirmed, and AB and ABA block copolymers 
were obtained by using polymers obtained by BDC and XDC (BDC-PSt and 
XDC-PSt), respectively[26] . The results will describe in this paper *. 

To clarify further these points, benzyl N-ethyldithiocarbamate 
(BEDC) and xylylene bis (N-ethyldithiocarbamate) (XEDC) were also prepa 
prepared, and used as photoinif erter of the polymerization of styrene 
(St) and methyl methacrylate(MMA) . 
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''|>-|-^-="iO 

BEDC 

'Moreover, the polymers, (BEDC-PSt or BEDC-PMMA and XEDC-PSt or 
XEDCrPMMA), were used as telechelic (end-reactive) polymers for chain 
extension reaction, and as polymeric photoinif erters of the poly- ; 
merization of second monomers in order to obtain AB and ABA block 
copolymers. The results will also shown in this paper. 

EXPERIMENTAL 

BDC and XDC were prepared according to the previous paper [26] . 
BEDG was prepared by the reaction of benzyl chloride with sodium N- 
ethyldithiocarbamate dihydrate in ethanol at room temperature. The 
crude BEDC was then purified by using column chromatography [column: 
silicagel (Wakogel C-200) , solvent: benzene : n-hexane= 3:7]. The 
colbfless viscous liquid thus obtained was confirmed by TLC, IR and 
NMR' spectra (Fig. 1) to be pure. XEDC was prepared by the reaction 
of ,p-xylene dichloride with sodium N-diethyldithiocarbamate anhydrate 

in.vbenzene/methanol (1 : 1) mixed solvent at 0°C, and recrystallized 
from chloroform/n-hexane mixture. XEDC thus obtained was also con- 
firmed to be pure by TLC, IR, NMR(Fig. 1) and elementary analysis; 
Obsd. C 48. 50; H 5.94, N 8,06%; Calcd. C 48.79, H 5,86, H 8,13% 
Monomers, solvents and other reagents were used after ordinary 
purifications. 

Polymerizations of St and MMA were carried out in a sealed 
glass tube at 30**C under irradiation of Toshiba SHL-100 UV lamp from 
a distance of 10cm, After polymerization for a given time, the con- 
tent of the tube was poured into a large amount of methanol to iso- 
late the polymer. The yield of the polymers was determined from the 
weight of the dried polymers obtained. 

Similar procedure was used for block copolymerizations . The 
separation of the whole polymers into two homopolymers, PSt and PMMA, 
and block copolymer was carried out by extracting them with cyclo- 



^^N-C-S-CHwf^\-CHxS-C-N^ ^ ^ 
/ II 2 II \ 

H S ^ ^ S " 

XEDC 
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hexane/benzene (9:1- 7:3 vol%) , acetonitrile and benzene, re- 
spectively. The fractions thus separated were checked by IR. spectra. 

The intrimsic viscosities, [V] , were determined viscometrical- 
ly in benzene at 30^C, and the average-molecular weight (M) was 
calculated by the following equations: 

For PSt [27]: [V] = 8 . 5 • lO"^ * ^ 
For PMMA [28]: [\]= 6.27-10'^ M^*'^^ 

The number of the N,N-diethyldithiocarbamate group bonded at 
polystyrene end was determined by average-molecular weight and UV 
spectrum in comparison with that of BDC [X^ax 282 nm and 6=10500 
in cyclohexane] . 

RESULTS AND DISCUSSION 

Photopolymerizations with BEDC, BDC, XEDC and XDC 'I : 

Figs. 1 and 2 show the time-conversion and time-M relations in 
the photopolymerizations of St and MMA, respectively, by BEDC, BDC, 

XEDC and XDC as photo iniferters. V 

'J . 

From these figures, the yield and M of the polymers formed are 
observed to increase as a function of reaction time, indicating 
that the polymerizations proceed via a living radical mechanism in: 
homogeneous system[20] . Similar results were reported already for 
the photopolymerizations of St and MMA with tetraethylthiuram di- 
sulfide[19, 20] , and for the polymerization of MMA with phenylazo- 
triphenylmethane[20] , in which the time-M relations were observed 
to increase from an original point with the time. 

The time-M relation observed for the St polymerization 
with BDC is similar to the above cases reported, but that found for^ 
the other photo iniferters does not cross the original point, i.e. / 
the extent of increasing in Ms against the time decreases. This 
reason seems to come from that a part of the polymer chain ends 
effective to a living radical propagation is destroyed. 

■ '"i 

As is shown in Figs.l and 2, when the concentration of the 
(C2Hc)^NCSS- end group in BDC and XDC used was selected to be iden- 




J \ I I I I 1 L 



87543210 

cT (ppm) 

Fig. 1 H-NMR spectra of BEDC(a) and XEDC(b) 



Time (h ) 
0 2 A 6 8 10 




Time (h) 

Fig. 2 Time-conversion and time-M relations in 
photopolymerization of St with BEDC, XEDC, 
BDC and XDC as photoinif erters; 
A: [BEDC]=2,0-10"2mol/l (0,0) 
[XEDC]=1.0-10-2mol/l ( ) 
B: [BDC]= 7.8-10-^mol/l (O ,□ ) 
[XDC]= 3.8.10-^mol/l ( ) 
[St]=6.9mol/l in benzene at 30°C. 
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Fig 5 Time-conversion and time-M relations 
in photopolymerization of MMA with BEDC, XEDC, 
BDC and XDC as photoinif erters; 
A: [BEDC] = 1.0 • 10-^mol/l (0,n), 
[XEDC]=0.5 • IQ-^mol/l (•,■), 
B:[BDC] =7.9 • lO'^mol/l (0,n), 
[XDC] =3.9 • lO-^mol/l (•,■), 
[MMA]=2.8mol/l at SO'^C in benzene. 



tical, i.e. [BDC] = [XDC] /2, the observed time-conversion relations 
for both BDC and XDC are quite identical each other, indicating 
that all the (C2H^)2^*^^^"^ bonds in XDC and XDC-polymer may dis- 
sociate photochemically with a probability similar to those in BDC 
and BDC-polymer into radicals which have identical reactivities. 
Similar results were also obtained for photopolymerizations with 
BEDC and XEDC. 

However, the Ms of the polymers obtained with XDC are always 
two times larger than those with BDC. In the case of XEDC, the in- 
crease in Ms is somewhat less than two times of the Ms obtained with 
BEDC. This may be due to that a part of the effective polymer 
chain end is deactivated. 
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To confirm whether these polymerizations proceed via a living 
'radical mechanism, the number of the end groups of the polymers 
produced in photopolymerizations of St with BDC and XDC was deter- 
I mined. The results are shown in Tables I and 2. 

From these tables, although the Ms of the polymers produced by 
- BDC and XDC increase with the time, the number of the (C2H5)2NCSS- 
end groups per one polymer molecule are found to be almost constant 
(1,0 for BDC and 2.0 for XDC) independent of the reaction time. 
These results strongly suggest that the polymerizations with BDC and 
XDC proceed via a living mono- and biradical polymerization mecha- 
nisms, respectively [see eq.(12)]. 

rhain Extension Reactions of the Poly (St) s Obtained by BEDC and 
XEDC 

Okawara and coworkes[29] have reported that the N-ethyl- 
dithiocarbamate ester group in the polymer of St is easily hydro- 
lyzed with some nucleophiles as sodium hydroxide and dimethylamine 
to the thiol group which is then oxidized, and it also forms a 
chelate bond with divalent metal ions such as Cu(n ) ion. If these 
reactions are applied to mono- and bifunctional polymers obtained by 
BEDC and XEDC, respectively, the following chain extension reactions 
seem to occur. 



C H 

_^CH2-CH>^S-C-n( 2 5. 

X s 



Nu 



2 I n 

X 



Oxdn . . 



— eCH2-CH>^S-S-fCH-CH27-„. 
X X 



(16) 



/^2 5 
-\^CH ;r- CH->- S - C-< 
2 I n II \„ 

X S 



Cu(II) 



-nA^CH^— CH)-— S-C 
2 I n 

X 



^2«5 

Cu ;C-S-fCH-CH^i-- 

I ^ 
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Table 1 Number of (C2H5)2NCSS- End Groups of 
the Polymers Produced in Photopolymerization 
of St with BDC and XDCa) 



Iniferter 



Time 
(h) 



M 

X 10' 



Number of 
end group 



b) 



BDC 



3 
6 
9 
12 
15 



2.1 
3.2 
4.3 
5.5 
6.3 



0.9 
0.9 
1.0 
1.1 
1.0 



XDC 



3 
6 
9 
12 
IS 



3.8 
6.3 
9.5 
12.2 
15.4 



1.8 
1.7 
1.9 
2.0 
2.0 



a) Polymerization conditions; [BDC] =7.8- 10 
mol/l, [XDC]=3.8'10-5Tnol/l, [St] =6. 9mol/l 
in benzene at 30°C. 

b) The numbers o£ the (C2H5)2NCSS- end group 
per polymer molecule was determined from 
data of UV and M. 



Table 2 Mn, Mw, Mw/Mn and Number of (C2H5)2NCSS- End 
Groups of the Polymers Produced in Photopolymerization 
of St with BDC at SO^'ca) ^ 



Time 
(h) 


X 10 


-4 

X 10 


Mw , 
'Mn 


Number of 
end groupc) 


2 


0.7 


1.2 


1.7 


0.9 


4 


1.1 


2.3 


2.2 


0.8 


8 


1.7 


4.5 


2.7 


1.0 


12 


2.0 


6.8 


3.4 


1.1 



a) Polymerization condition; [St]=7.2mol/l, [BEDC]=7.7 
mol/l. 

b) Determined by gel permeation chromatography. 

c) The number of the (C2H5)2NCSS- end group per one 
molecule was determined from both data of UV and Mn.. 
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The results of the reactions with nucleophiles are shown in 
Table 3. The polymers with one and two thiol groups bonded at the 
chain ends were not isolated, but the chain extension reaction of 
the polymers was observed to occur through a disulfide bond forma- 
tion. When the monofunctional polymer obtained by BEDC was used, 
the M of the polymer obtained after reaction increases about two 
times as compared with that before reaction. However, in the cases 
of the bifunctional polymers obtained by XEDC, their Ms increase g 
about 3-5 times rather than those before reaction. 

Similar results were also obtained for chain extension reactions 
by a chelate bond formation as is shown in Table 4. If the poly- 
mers consist of mono- and bifunctional structure and the reactions 
occur completely, the M must increase to two times and infinite quanti 
ty; respectively. As is seen from Tables 1 and 2, the observed 

functionalities of the polymers are somewhat lower than those ex- 
pected (1.0 and 2.0 for BEDC- and XEDC-polymers, respectively). 
Therefore, the observed results (Tables 3 and 4) seem to come from 
these reasons. 

Block Copolymerizations — Synthesis of AB and ABA Block Copolymers 

Table 5 shows the results of block copolymerizations of MMA with 
the polymers of St obtained by BDC and XDC (BDC-PSt and XDC-PSt) as 
mono- and bifunctional polymeric photoiniferters, respectively. 
From this table, when the Ms of BDC-PSt and XDC-PSt increased, i.e. 
the concentration of the end group decreased, the yields of MMA poly- 
merized were observed to decrease. However, the yields of the block 
copolymers with XDC-PSt (--90%) were higher than those with BDC-PSt 
(-70%). 

To synthesize AB and ABA block copolymers, the polymers obtained 
by BDC or BEDC and XDC or XEDC as photoiniferters were used as mono- 
and bifunctional polymeric photoiniferters, respectively of the poly- 
merizations of second monomers. The results are shown in Table 6. 

From comparison of the Ms of the block copolymers determined 
(see footnote of Table 6) with those calculated, AB and ABA block 
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copolymers were produced when the polymers obtained by BDC or BEDC 
and XDC or XEDC were used as mono- and bifunctional polymeric photo- 
iniferters, respectively. 

By using this technique, we have recently synthesized the AB 
and ABA block copolymers consisting of random and alternating copoly- 
mer sequences, and the star-type block copolymers. These results 
will be described in a future publication. 
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SILOXANE INIFERTERS AND THEIR USE IN MAKING 
VINYL/SILOXANE BLOCK COPOLYMERS 

R. C. Kumar. M. H. Andrus. Jr., R. R. Dueltgen and M. H. Mazurek 
Specialty Adhesives and Chemicals Lab 

Specialty Materials Division 
3M Center. St. Paul, UN 55144-1000 

INTRODUCTION 

Otsu provided the Initial framework of the study of iniferters'' 
(Initiator - transfer agent - terminator), delineating their ability to 
dissociate when irradiated to form highly-active initiating radicals A* 
and much less active terminating radicals A'* {Scheme 1), Reaction 
of the Initiating radical with 

Scheme 1 



obtained by ring opening copotymerlzations of D3 or D4 with 
chtorocyclosiloxanes, or by hydrosiiylation of polysiioxanes 
containing hydrogens bound to non-terminal silicons such as are 
oommercially available {e.g., SH-1 107 from Toray Silicone or KF-99 
from Shin-etsu Silicone). 

Polysiioxanes with terminal halogen atoms are prepared by 
reacting D3 with lithium trimethylsiianoate, MesSiOLi, at 0" C in 
THF. When all of the D3 is consumed. 1 -{dimethylchlorosilyl)-2-(p- 
chloromethylphenyl)ethane (II) was added and the resulting mixture 
was stirred at room temperature, terminating the anionic 
polymerization. Removal of precipitated lithium chloride and any 
un reacted end-capper gave a polysiloxane with a terminal 
chloromethyl group (III), as per Scheme 2. The experimental details 
are published elsewhere^. 



A-A' 



bv 



Scheme 2 



(CH3)3SiOU + nDj 



+ A* 



McjSiO [SiCCHJpjn- Li+ 
I 



+ n CH, = CH 
Y 



A(CH2-CjH)nV A" 
Y 



A(CH2-Cj:H)n* 
Y 



A(CH2— CjH)nA' 



A(CH2— CH)nA' + mCH^— CH- 
Y X 



bv 



A(CH2-CH)o{CH2-CH)mA' 
Y X 



available reactiv vinyl monomer, such as an aery late or styrene. 
produces a growing polymer chain which is reversibly terminated by 
reaction with A**. Since the new C-A' bond is approximately as labile 
as the A-A' bond, the new polymer chain, terminated by the A' group, 
has become a polymeric photoiniterter, capable of further reaction 
with a new monomer to produce a block copolymer, 

Initial investigations of photoiniferters were directed mainly 
towards polymers in which vinyl-type monomers formed addition 
polym rs such as poly (aery lates) and polystyrene (Otsu, et aL)2. 
More recent studies, using macroiniferters. have expanded their 
scope to include siloxanes^, polyurethanes^, polyolefins^, poly (vinyl 
chloride)^, and various macro mers^. 

This paper describes the synthesis of novel slloxane iniferters 
and their use in making vinyl/siloxane block copolvmers. 

RESULTS AND DISCUSSION 

In U. S. Patent No. 5,071,9368 s. Himori describes the 
preparation of polysiioxanes containing dtthiocarbamate groups 
which can be used as siloxane-iniferters for the preparation of 
vinyl/silicone copolymers. The first step in the synthesis is the 
preparation of a halogenated polysiloxane, the halogen atoms of 
which can then be displaced with dithiocarbamate groups. In 
considering the rates of such nucleophilic substitutions, the halogen 
atoms are preferably chlorine or bromine. Polysiioxanes 
halogenated at one or both ends of the polymer chain are obtained 
by known methods in which living polymerization of either 
hexamethylcyclotrisitoxane. "03," or octamethylcyclotetrasiloxane. 
"04." Is terminated with dimethylchlorosilane or tetramethylsiloxane 
to give polymers with one or two hydrogens bound to silicons at the 
termini, respectively. Platinum-catalyzed hydrosiiylation with p- 
chloromethylstyrene yielded polysiioxanes with either on or two 
terminal aliphatic chlorine atoms. Himori also points out that 
polysiioxanes bearing non-terminal chloromethyl groups can b 



in + BjN^S- 



Me3SiO[Si(CH3)ip], 




Substitution of chlorine by dithiocarbamate takes place at 
temperatures between about 50** C and about 90** C in a solvent 
such as toluene, xylenes, or ethyl acetate under nitrogen. A phase 
transfer catalyst such as trioctylmethylammonlum chloride or 
tetrabutylammonium chloride is often used advantageously. 

Polysiioxanes halogenated at both chain ends are prepared via the 
symmetrical te-chloro siloxane V as shown In Scheme 3. Hydrolytic 
coupling of chlorosilane II gave V, which also acts as an endcapper 
in the acid-catalyzed polymerization of cycloslloxanes such as D4. 
In this case, D4, the endcapper V. and a smalt amount of sulfuric 
acid catalyst were stirred and heated under nitrogen at 90" C In the 
presence of carbon black (as an acid adsorbent). Filtration and 
stripping 



Scheme 3 
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V + nD4 - 



CH2CH2Sl(CH3)2 
VI 



(OSi(CH3)2)n 



VI + Et2NCS- 



Et2NCSCH2 



ai2CH2Si(CH3)2 



^OSi(CH3)2)n 
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^ gave the desired Z?/s-chlorinated polysiloxane VI . Displacement of 
y: chlorine with N.N-diethyldithiocarbannate gave the macro di-lniferter 
V\\, fn good yield. 

SilaxanelQife^^ graft copolymers 

!':• *sljbstituted-vinyi:{7^e^7^yien^ 

include the esters, amides, nitriles. etc7of-(meth)acrylic-acidsTf 
styrene derivatives, vinyl esters, allylic compounds, and thelike. 
(Meth)acrylic acid esters of perfluoroalkylsulfonamido alcohols can 
also be used. Copolymerization of the monomer and the 
polysiloxane iniferter takes place in non-reactive UV-transparent 
solvent such as methyl ethyl ketone or ethyl acetate. Polysiloxane 
monoiniferters such as those described in Scheme 2 form block 
copolymers having AB, CAB, etc., architecture. Diiniferters (Scheme 
3) form block copolymers of the ABA, CABAC, etc., type. In both 
cases, 'B" represents the polydimethylsiloxane block, and "A." "C," 
etc., represent blocks from the vinyl monomers. A typical reaction, 
in this case with methyl methacrylate. is shown in Scheme 4. 



Sch me 4 



vrn 



IX 



MM A ^ Methyl Methacrylate 

MA = Methyl Acrylate 

AA = Acrylic Acid 

HEA = 2-Hydroxy Ethyl Acrylate 
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MMA - b . PDMS - b - MMA 

A number of polysiloxane block copolymers aie discussed in U. 
S. Patent No. 5, 057,619. Table I shows some compositions and 
their physical properties. 

The vinyl - polysiloxane block and graft copolymers are easily 
prepared from the polysiloxane iniferter. Control of the ratio of vinyl 
to polysiloxane blocks allows rather precise tailoring of copolymer 
composition. Thus, unique materials that exhibit the combined 
properties of dissimilar polymers are possible, which may find utility 
in a wide range of applications, such as low adhesion backsizes. 
impact-resistant materials, fabric protectors, etc. 

Table I 



Copolymer 
Composition, ^'C 



Mn 



Mw 



Mw/Mn Tg, 



MMA-b-PDMS-b- 17.154 30853 
MMA- 



(MA/AA)x-b- 
PDMS-b-(MA/AA)x 

HEA-b-MMA-b- 

PDMS-b-MMA-b- 

HEA 



1.761 

22,200 63,000 2.39 



13,162 20.644 1.56 



-124 
+ 105 

■126 
+60 

-120 
+ 107 



MMA-b-PDMS 



15,416 20,394 1.33 



-124 
+106 
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, Polymer Design by Iniferter Technique in Radical Polymerization: 
/ Synthesis of AB and ABi4 Block Copolymers 

' '^^ Cohtaihing Random and Alternating ' 

r^V. ' Copolymer Sequences , 

Takayuki Otsu and Akira Kuriyama 

Department of Applied Chemistry- Faculty ;of Engineering, 

Osaka City University, , , , , , . , 

Sugimoto, Sumiyoshi-ku, Osaka 558, Japan 

(Received August 20, 1984) *- ' 

p>^5?^^^^* ThedniferterZtecH^^ was applied to synthesis of the AB ; and ^ABA-ibioc^ 
^-,S c.opo|i ffleft con ^ming various random and alternating copolymer^ sequences. ^tnzy\^J^\ 

; tetralcis(M^^tethyldithiocarbamylm^^^ (bocj were used as mono-, bi- and tetra- ' ' 

7':' functionakgiotoiriifertei^; respectively.' The photopolym'enzatiohs'witH Bbc arid XDC proce^ded^ 
' a living radical"niechanism, and gave soluble nidno- and bifuhctidnal polymers (photoinifer- ' 
' ters); respectively. H bwevef , . DDC induced living radical'' polymerization of styrene ' with -gelktion. 
:,.h : When: various polymers arid copolymers obtained by:BDC^and XDC were' used as polymeric 
■ photoiniferters, the AB and ABA block, copolymers containing random copolymer sequences, were 
< ^ obtained in hjgh, yields. Similarly the alternating copolymerization of isobutyl vinyl etheir with 
, anhydride in the presence of the alternating copolyniers such, as styrene and diisoprppyl 

r funiarate, which were obtained by BDC arid XDC, as polymeric photoiniferters was found to give 
' ; the' AB arid ABA block copolymers consisting of alternating copolymer sequences, DDC and the 
- polymers 'and copolyniers obtained by DDC could also act as an excellent cross-linking agent. 

' • KEY WORDS Radical Polymerization / Living Radical Polymerization / - • 

."^v f ' " Initiator / Iniferter / Iniferter Technique -/ Polymer Design / Block 

■ Copolymer/ . , 



The "structure control of the producing polymer, 
i.e., the reactivity control of the reacting monorher, 
in radicarpolymerization is now the most important 
problem to design and architect the polymer struc- 
ture.: Jo approach this purpose, we have recently 
proposed a concept of initiator-transfer agent- 
terminator, (iniferter)^ for designing of the polymer 
chain ;rend structure, and simultaneously a new 
model for living radical polymerization in homo- 
geneous system by using iniferters such as phenyl- 
azotriphenylmethane^ and some organic sulfur 
compounds.^ ~^ These ideas are summarized brief- 
ly as, follows. 

The Concept of Iniferter 

The polymer formation in radical polymerization 
of yinyl monomers (M) initiated by an initiator 



(R-R') is expressed by eql, if no chain transfer 
reactions occur and mutual termination proceeds 
only by recombination. 

R-R' ♦ nM — R-fMi^Rf (i) 

In this case, radical polymerization gives a 
polymer with two initiator fragments at its chain 
ends. However, in ordinary radical polymerization 
of many monomers, the termination by dispfopbr- 
tionation . and the chain transfer reactions have 
been known to occur importantly, i,e. the num- 
ber of initiator fragments per one polymer mole- 
cule is always, less than 2. 

So if we use initiators which have very high 
reactivities for chain transfer to the initiator and/or 
primary radical termination in order to avoid or- 
dinary bimolecular terminations, it is expected to be 
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obtained a polymer with two initiator fragments at 
its chain ends (eq 2). 

♦ nM > R^M>p-R' (2) 

Therefore, these radical polymerizations may 
simply be considered as an insertion reaction of 
monomer molecules into the R-R' bond of the 
initiator leading to a polymer with two initiator 
fragments at its chain ends, as well as the special 
case shown in eql. For initiators with these fun- 
ctions we proposed to call iniferter^ in analogy with 
"inifer" named by Kennedy'^ in cationic polymeri- 
zation. Many radical initiators which have been 
used are also expected to serve as an iniferter if 
monomers and polymerization conditions are 
selected. 

As is seen from eq2, the polymers obtained by 
iniferter still contain its fragments at the polymer 
chain ends. If these iniferter fragments can have 
further function as an iniferter, such a polymeri- 
zation may proceed via a Uving radical mechanism 
(see later),, and the polymers isolated have always 
the same end groups which can act as iniferter to 
give the propagating polymer radical. Therefore, 
the choice of such iniferters in vinyl polymerization 
seems to open' a novel route for synthesizing of 
various types of ppiymers such as functional, 
telechelic, block and\ graft polymers via a radical 
polymerization technique.- 

From a viewpoint of the- tailor-made polymer 
synthesis, the iniferters can be classified into several 
types; mono-, bi-, tri- or polyfunction^ iniferter; 
thermal or photoiniferter; monomeric or polymeric 
iniferter etc.^ Recently, some sulfur, . compounds 
having A^, A^-diethyldithiocarbamate group . were 
found to serve as an exellent photoiniferter and 
induced living radical polymerization of vinyl 
monomers.^ When benzyl AT, 7V-diethyldithio- 
car.bamate (BDC) and p-xylylene bis(A^, A^-diethyl- 
dithipcarbamate) (XDC) (see later) were used as 
mono- and bifunctional photoiniferters, the poly- 
mers which can serve as mono- and bifunctional 
polymeric photoiniferters, respectively, were pro- 
duced.^ Therefore, the polymerization of second 
monomers with these mono- and bifunctional 
polymeric photoiniferters was found to become 
an excellent route for synthesizing of the AB and 
ABA block copolymers, respectively.^ 



A New Model for Living Radical Polymerization in 
Homogeneous System 

As described above, if the end groups of the 
polymers obtained by radical polymerization using 
certain iniferters. still have an iniferter function, 
these radical polymerization is expected to proceed 
via a living mechanism even in homogeneous sys- 
tem according to eq 3.^ 

r. ♦nCH2=CHX 

^H2-CH-B ^ — CH2-CH- * -B ^ * 

X X 

1 2 

^H2-CH)rrCH2-CH-B^ I * 2 ^ > 

X X 

'MCH2-CH)p^CH2-CH)p^CH2-CH-B^'— • (3) 
XXX 

The propagating polymer chain ends, which act 
as an iniferter, can dissociate thermally or photo- 
chemically into a propagating radical (1) and a 
small radical (2) which must be stable enough not to 
" initiate new polymer chain. Therefore, this less 
reactive small radical may readily undergo recpmr 
bihation with a more reactive propagating radical to 
-give a polymer with the identical end groups, i.e., 
the monomer molecules are inserted into this ini- 
ferter 'bond of the propagating polymer chain end. 
So, if these radical dissociation, monomer-addition 
arid recombination cycles are repeated, such a radi- 
cal polymerization' may proceed via a living mech- 
anism even in homogeneous system. 

Such results were observed for radical polymeri- 
zations with phenylazotriphenylmethane,^ azo^is- 
diphenylethanes,^ tetraphenylmethanes,^ as •thermal 
iniferters and with some organic sulfur ; com- 
pounds^ "^'V as photoiniferters. Among these-ani- 
ferters, the compounds having TV, A^-diethyldi- 
thiocarbamate groups were investigated in detail. 

In previous works,^'* it has also been foiirid that 
BDC and XDC can induce living mono- and^biradi- 
cal polymerizations, respectively, and produceief- 
ficiently the AB and ABA block copolymers* by 
using the respective polymeric photoiniferters. 
Moreover, when 1 ,2,4,5-tetrakis(Af, A^-diethyldi- 
thiocarbamylmethyl)benzene (DDC) was used' as 
a tetrafun.ctional photoiniferter of living radical 
polymerization of methyl methacrylate, a star 
polymer was produced.^ ' 

To extend further these iniferter technique to new 
polymer synthesis, living radical polymerizations 
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Polymer Design by Iniferter Technique' 



with BDC, XPC, and DDC as mono-, bi-, and 
tetrafunctional photoiniferters, respectively, were 
investigated, and obtained the AB and ABA block 
copolymers containing various random and alter- 
nating copolymer sequences. The results obtained 
are described in this paper. 



BDC 



CH^-S-C 



XDC 



CHj-S-C-< 

S ^2H5 



DDC 



EXPERIMENTAL 

BDC,^ XDC,^ and DDC^ were prepared by the 
reaction of benzyl^ chloride,' /7-xylylene dichloride 
and 1,2,4,5-tetrachloromethylbenzene, respectively, 
with sodium ^/V, A^-diethyldithiocarbamate in 
ethanol,' and then purified by distillation or re- 
crystallization. Styrene (St), methyl methacrylate 
(M MA), vinyl acetate (VAc), and other reagents 
were used after ordinary purifications. 

Photopolymerizations were carried out in the 
presence of monomeric photoiniferters (BDC, 
XDCj and DDC) or polymeric photoiniferters 
(BDC-P, XDC-P, and DDC-P) which were ob- 
tained with above monomeric photoiniferters in 
benzene at 30°C under irradiation with a Toshiba 
SHL-100 UV lamp from a distance of lOcm. After 
polymerization for a given time, the polymer was 
isolated by pouring the polymerization mixture into 
methanol. The polymers were then purified by 
reprecipitating their benzene solutions into meth- 
anol three times, followed by drying in vacuum. 

The separation of the whole polymers thus ob- 
tained into the polymeric iniferter initially used and 
unblocked polymer or copolymer was carried out 
by extraction with benzene-<;yclohexane (7:3 by 
vol) for the copolymers of St with MM A, methanol 
for PVAc, and acetonitrile for PMMA. Then, the 
block copolymer was isolated by pouring the ben- 
zene solution of the residual polymers into meth- 
anol In the case of alternating copolymerization 
of isobutyl vinyl ether (IBVE) with maleic anhy- 
dride (MAn) in the presence of BDC-PSt or XDC- 
PSt as photoiniferters, the whole copolymer ob- 



tained was hydrolyzed with 5% sodium hydroxide 
aqueous solution, followed by neutralization with 
hydrochloric acid. Then the block copolymers were 
extracted with methanol-water (2 : 1 by vol). 
Similarly, the block copolymers consisting of alter- 
natiiig copolymers of St and diisopropyl fumarate 
(DiPF) with' those of IBVE and MAn were ex- 
tracted with benzene, followed by hydrolysis and 
neutralization. 

RESULTS AND DISCUSSION 

Living Radical Polymerization of St with BDC. 

XDC. and DDC as Photoiniferters 

Figures 1 and 2 show the time-conversion and 
Ximt-M relations in the photopolymerization of St 
with BDC, XDC, and DDC as mono-, bi-, arid 
tetrafunctional photoiniferters in which the con- 
centration of the TV, iV-diethyldithiocarbamate 




2 U 6 
Time(h) 

Figure 1. Time-conversion relations in photopolymeri- 
zation of St with BDC, XDC, and DDC in benzene at 
30X: [St] = 6.9 mol 1 - » , [BDC] = 5.4 x 1 0 mol T ^ (#)• 
[XDC] = 2.6 X mol 1-^ (3); 1.3 x lO"* mol (Q)' 




Time(h) 

Figure 2. Time-M relations in photopolymerization of 
St with BDC (#), XDC O), and DDC (Q, yield of 
benzene-insoluble polymer; O, A? of soluble polymer). 
The concentrations are the same as those in Fig. 1. 
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group was kept constant: [BDC] = [XDC]/2 = 
[DDC]/4. 

As is seen from Figure 1, the time-conversion 
relations observed by BRC and XDC are identical 
to one another, indicating that all of these A^,A^- 
diethyldithiocarbamate groups show identical re- 
activity for radical polymerization. However, the 
polymer yields obtained by DDC are somewhat 
higher than the above relation. This result seems to 
be originated from the gel effect, because the po- 
lymerization proceeded with gelation, i.e., the for- 
mation of insoluble polymers (Figure 2). In fact, the 
polymerization of MMA with DDC proceeded 
without gelation and the identical reactivity rela- 
tionship of all AT, 7V-diethyldithiocarbamate groups 
was observed to hold between BDC, XDC, and 
DDC.^ 

From Figure 2, the M values of the polymers 
. obtained by BDC and XDC are also observed to 
increase as a function of reaction time, indicating 
that these polymerizations proceeded via a living 
radical mechanism.^'^ It is noted that the lit values 
of the polymers obtained by XDC are just two times 
higher than those by BDC From this result, it is 
concluded that the polymerizations of St by BDC 
and XDC proceed according to the ideal living 
mono- and biradical mechanisms. 

As described above, the polymerization of St with 
DDC proceeded with gelation and the resulting 
benzene-insoluble polymer did not soluble in any 
solvent, suggesting the formation of a cross-linked 
polymer.. However, the intrinsic viscosities of, the 
benzene-soluble polymers isolated decreased with 
reaction time. The results observed for the St po- 
lymerization were different from those for the'po- 
lymerization of MMA with DDC,^ in which the 
completely soluble polymers were produced inde- 
pendent of polymerization time. When a small 
amount of tetraethylthiuram disulfide, however, 
was added to the polymerization of St with DDC, 
no gelation occurred and the soluble star polymer 
was isolated by fractionation. The results will be 
pubUshed in a next paper. 

Synthesis of AB and ABA Block Copolymers 
Containing a Random Copolymer Sequence 
To prepare the mono- and bifunctional polymeric 
photoiniferters containing random copolymer se- 
quence, the photocopplymerizations of St with 
MMA were carried out in the presence of BDC and 



100 




0.5 

[St] in monomer 

Figure 3. Copolymer composition relations in photo- 
polymerization of St (Ml) with MMA (Mj) with BDC 
(O), XDC (#), and azobisisobutyronitrile (3) in ben- 
zene at WC: [BDC] = 9.6x10-^ mol 1"'; [XDC] = 
4.8 X 10 mol — culculated curve as =0.57 and 
r,=0.46. 



XDC, respectively, in benzene at 30°C. The mono- 
mer feed-copolymer composition relations observ- 
ed with both photoiniferters were in good agree- 
ment with those with azobisisobutyronitrile as an 
ordinary 'radical initiator, as is shown in Figure 3. 
This result strongly suggests that these radicaFcopo- 
lymerizations by BDC and XDC proceeded rvw a 
free radical niechanism. " * 

Since the PSt prepared by BDC and XDC Have 
been found to contain one and two^ ^/,iV- 
diethyldithiocarbamate end groups,^ respectively, 
the copolymers thus obtained are expected toLserve 
similarly as mono- and bifunctional photoiniferters. 
These are supported by the facts that all of copoly- 
merizatipns proceeded via a living radical mech- 
anism,, and the intrinsic viscosity of the copoly- 
mer tXDC-P(St-MMA)] obtained by XDC:^ was 
higher about a factor of two than that [i3DG^P(St- 
MMA)] .obtained by BDC under identical * con- 
ditions (see Table I). 

The • time-conversion .relation observed in the 
photopolymerization of VAc with XDC-P[St(45)-- 
MMA] (0.2 g) as a bifunctional polymeric phpto- 
iniferter at 30°C is shown in Figure 4, in which 
the plots of the yields, and [rf] of the block copoly- 
mers isolated versus reaction time are also indi- 
cated. From this figure, the yields of both total 
and blocked polymers and the Ms of the block- co- 
polymers are observed to increase with increase of 
the reaction time, and the block copolymers contain- 
ing a random copolymer sequence are produced 
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Table J. Results of polymerizations of vinyl monomers with copolymeric photoiniferters" 



Copolymeric 
^ photoiniferter*' 



Second 
monomer (Mj)*^ 



Time 



Total, 
yield 



Fraction isolated/wt% 



Copolymer HomoPMj 



Block 
copolymer** 





VAr (7 
V rtc y i\o) 


s 

0 




111 
11.1 


1 J.O 


tJ.j 


XpC-P[St (45).tM'MA] , 


VAc (7.8) 


8 


0.48 


7.4 • 


14.4 


78.8 (0.69) 


xb.C-P[St (35)-MMA] 


VAc{7l8) 


S 


0.48 


5.1 


13.2 


81.7 


XDC-P[St ('66)-MMA] 


AA (10.4) 


0,3 


.0.38 


3-3 


8,9 


87.9 


Xpi6-P[St (45)-MMA] 


AA (10.4) 


0.3 


0.38 


4.1 


14.9 


8T0 


XDC-P[St (35>-MMAj ' 


AA(10.4) 


0.3 


0.32 


6.7 


18.5 


74.8 


BDC-P[St*(45)-MMA] 


'* VAc(7i8) ' 


'5 


0.36 


22.7 


22.4 


54,9 (0.37) 


XDC^:P[St'(45KMMA] ■ 


VAc (7:8) 


5 


0.32 


13.5 


• 10.1 


76.3 (0,66) 


DDC-I?[St (45)-MMA] . 


,,VAc;(7-.8) 




i. 0.46 ' 


0.0 


. : 7.8 


92:2^ 


■BpCTP[St(>,?5)-IB^ 


. ,MMA (6,7) 




0,87 - 


15-6 


; 32.6 


51.8 


xBc-p[St{>*95HBl 


MMA (6.7) 


} 


0.83 . 


15.0 


1.8.7 


66.3 


Pp£:-iP[St (>95)-IB] 


UmA (6.7) 


3 


0.85 ' 


0.0 


9.8 


90.2' 


xffC-PfSt-BD] 


MMA (6.7) 


3 


1.21 


14.1 


' 26.i6 


65,3 


XD'e^PPt (94j-VXc]^ 


MMA (6.7) ' 




1.33 


14.2 


2.9 


82.8 


xSG^P[St(>95)-yC] 


MMA (6.7) 


' • 3 ' 


1:00 


8.6 


12.3 


79.1 



vJ'<>Photopolymerized in benzene at 30°C, Copolymeric photoinitiator 0,2 g, [VAc] = 7. 8, [MMA] = 6.7 and [AA] = 
'.lio.4moir'. . , . 

^ ^Indicated^the compositions of monomer unit in the copolymers (in mol%). IB, ispbutene; Bp, butadiene; VC, vinyl 
• '^chloride. , 

Values in parentheses indicated the monomer concentration (moll"^). 

Values "in parentheses indicated the [?;] values iti benzene at 30X, 
* Cross-linked polymer was produced. 
' ^^'f ■ ■ ■ ■ . 




5 . 10 15" 
Time { h ) 

Figure 4. Time -total yield and time-block copolymer 
yield in photopolymerization of VAc with XDC- 
P[St(45)-MMA] as polymeric photoiniferter at 30''C: 
iniferter, 0.2 g; VAc, 5 ml; benzene, 2 ml. Values indicate 
[rj] of the block copolymers isolated. 

in higher yields than 75%. Further, [rj] for the co- 
polymeric photoiniferter is also observed to in- 
crease from 0.29 dlg~^ to 0.76 dlg~^ after polymer- 
ization for 13 h. 



Similar results were also observed for the polym- 
erization of VAc with BDC-P[St(45)-MMA] as a 
monofunctional copolymeric photoiniferter. The [rj] 
(0.66 dlg"^) of the block copolymer isolated from 
the VAc polymerization with XDC-P[St(45)- 
MMA] was about two times higher than that 
(0.37 dlg-^ with BDC-P[St(45)-]V[MA], probably 
indicating that the following AB and ABA block 
copolymers containing random copolymer sequence 
were produced when mono- and bifunctional co- 
polymeric photoiniferters were used, respectively. 

(St-co-MMA)— b— (M3)„ AB type 

(M3)^b-(St-co-MMA)-b-(M3)„ ABA type 

where M^, M2, and M3 are St, MMA, and VAc, 
respectively. 

Table I summarizes the results of the polymeri- 
zations of VAc, MMA, and acrylic acid (AA) using 
various random copolymers obtained from BDC, 
XDC, and DDC as photoiniferters. In all cases, the 
block copolymers were isolated in high yields. When 
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the results are compared with respect to the func- 
tionality of photoiniferters used, the yields of 
block copolymers are in the order; mono-<bi- 
< tetrafunctional copolymeric photoiniferters. 
Similar to the results described above, the AB and 
ABA block copolymers containing a random co- 
polymer sequence might be produced when mono- 
and bifunctional photoiniferters are used, respec- 
tively. 

Since the polymer of MMA obtained with DDC 
as a tetrafunctional photoiniferter was recently 
found to contain a soluble star polymer,^ the co- 
polymers of St with MMA or St with IB pro- 
duced with DDC are also expected to contain a 
star polymers with a random copolymer sequence. 
Therefore, the polymerizations with the DDC co- 
polymers were performed with gelation, and the 
cross-linked block copolymers were obtained in 
higher yields than 90%. Although a large portion 
of these copolymers was insoluble, their soluble 
fra:ctions might be a star polymer containing a 
block copolymer sequence. This result might also 
suggest that these tetrafunctional polymeric photo- 
initiators can act as an excellent cross-linking 
agent. 

Synthesis of Block Copolymers Containing Alter- 
nating Copolymer Sequence 
.Recently Bamford.and Han'° have prepared 
some block copolymers with alternating copolymer 



sequence through alternating copolymerization pro- 
cedure in the presence of the initiator systems 
consisting of Mn2(CO)io and the polymers having 
the reactive carbon-halogen bonds at their ,chain 
ends. This method seems to be similar to the present 
iniferter technique. 

It has been well known that the electron-accept- 
ing monomer, such as MAn, diethyl fumarate 
(DEF)^^* and DiPF,^^ can easily undergo aher- 
nating copolymerization with the electron-d^onat- 
ing monomer such as St and IBVE via a redjcal 
polymerization mechanism. If the iniferter tech- 
nique described above can. be appUed to ihese 
alternating copolymerization systems; the ^lock 
copolymers containing an alternating copolymer 
sequence are expected to be synthesized efScient^ly. 

To prepare mono-, bi-, and tetrafunctional poly- 
meric photoiniferters consisting of alternating copo- 
lymer sequences, the alternating copolymerizations 
of St with DEF or DiPF in the presence of BDC, 
XDC, and DDC were carried out in benzeiie' at 
3P°C. The resulting copolymeric photoiniferters 
were then used for alternating copolynierizatu^^ 
IBVE with MAn. The results are shown,in '^ableril, 
in which copolymers obtained by, BDC-gStsand 
XDC-PSt systems are also indicated. ■ b ' . 

The alternating copolymers thus obtained were 
hydrolyzed with 5% sodium hydroxide aqueous 
solution. During hydrolysis, the whole polymers 
dissolved. Since the alternating copolymers 6f^ St 



Table II.' Results of alternating compolymerization of IBVE with MAn 
in the presence of polymeric photoiniferters' 



Polymeric 
photoiniferter*' 



Second monomers 



MAn(M3) IBVE(M4) 



Time 



Total 
yield 



Fractions isblated/wt% 



PM, or 



Alt- 



Block 



None 

BDC-PSt 

XDC-PSt 

BDC-P(St-DEF) 

XDC-P(St-DEF) 

BDC-P(St-DiPF) 

XPG^P(St~piPF) 

DDG-P(StTPiPF) 



g 


g 


ml 






. 2.0 


2.0 


6 


(0.2) 


2.0 


2.0 


6 


(0.2) 


2.0 


2.0 


6 


(0.3) 


2.0 


2.0 


8 


(0.3) 


2.0 


2.0 


8 


(0.2) 


1.0 


.1.0 


4 


(0-2) 


1:P 


10 


4 


(0.2) 


1.0. 


10 


4 



0.24 








0.68 


0 


42.2 


57.8*'' 


1.14 


0 


. 30.6 


69.4 ; 


1.40 


0 


21.0 


79.0' 


1.53 


0 


20.3 


79.7 \ 


0.54 


7.8 


28.7 


63.5 ^ 


0.64 


5.9 


24.3 


69.8 


1.84 


0 


23.7 


76. 3^. 



" Photopolymerized in benzene at 30°C. 

" All copolymers consisted of alternating 50: 50 (in mol%) composition. 
* Cross-linked polymer was produced. 
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^n 



isolated/wt% 



Alt- 
M3-M4) 



Block 
copolymer 



42.2 
30.6 
21.0 
20.3 
28.7 
24.3 
23.7 



57.8 
69.4 
79.0 
79.7 
63.5 
69.8 
76.3*^ 



with^iDEF or DiPF used as copolymeric pholoini- 
ferters'^were not hydrolyzed under these conditions, 
the copolymers unreacted were not present. The 
block copolymers obtained were not soluble in most 
organic solvents, but they were dispersed in meth- 
' andf and water. 

; Tovconfirm further the formation of the block 
copolymers, the GPC curves for the polymer ob- 
tairi'edt from alternating copolymerization of IBVE 
and^MAn with BDe^P(St-a/r-DiPF) as photoini- 
fefter were observed in tetrahydrofuran. The re- 
sults are shown in Figure S.'THe GPC elution curve 
: (RI {detector) .of the polynier was shifted to higher 
r molecular weight side , than that of the copolymeric 
photoiniferter [P(St-a/r-biPF)] initially used. 
' similar results* were also observed for GPC elution 
curve using UV detector (^254 nm for St unit). 
/Tr%efore, it is clear that the block copolymer 
■consisting of P(St-a//-DiPF) with P(IBVE-a/r. 
MAn) was produced by these iniferter technique. 

From Table II, the block copolymers were con- 
firmed to be synthesized in high yields, and their 
observed yields were in the order; mono-<bi- 
<tetra-, with respect to the functionality of the 
polymeric photoiniferters used. This tendency was 
the same as that observed for the polymerization 
with i copolymeric photoiniferters (Table I), There- 
fore, the following AB and ABA block copoly- 

- niers. containing alternating copolymer sequences 
might be prepared when mono- and bifunctional 
polymeric photoiniferters were used, respectively. 

(Mi)-b-(M3-t2/r-M4)„ ABtype 
(M3-ti/f-M4)srb— (Mi)"b-{M3-a//-M4)„ 

- ' ABA type 
(Mi-a//-M2)^^b— (M3-a/r-M4)„ AB type 
(M3-a/^M4)^^rb— (Mi-a//-M2)H~b— (M3-a//-M4)„ 

^ * ABA type 

where Mi, M2, M3, and M4 are St, DEF or DiPF, 
IBVE, and MAn, respectively. 

As described above, since the polymeric photo- 
iniferters with alternating copolymer sequence ob- 
tained by DDC are expected to contain star poly- 
mer, the alternating copolymerization with these 
iniferters proceeded with gelation, and the cross- 
linked block copolymers were produced. 

The ABA block copolymer consisting of P(St-a/r- 
DiPF) with P(IBVE-fl/r-MAn) was found to show a 



Table III. Color changes of the ABA block 
copolymer consisting of alternating 
. copolymer sequence of P (St-a//-DiPF) 
' with P (IByE;a//-MAn) in benzene 



Temp/°C 
Color of 
solution 



0 
Blue 



25—30 
Violet 



40 
Yellow 



60 

Yellowish 
green 




70' '60 
UV(25Anm) 1 




70 
Elution 

Figure 5. GPC elution counts for the photopolymeri- 
zation mixture of IBVE and MAn with BDC-P(St-a/f- 
DiPF); (1) before and (2) after polymerization. Elu- 
tion solvent: THF, 1 ml min"* at 40°C. 

thermochromism in benzene. The color changes of 
its benzene solution with the temperature are shown 
in Table III. These phenomena seem to be due to a 
microphase separation of this block copolymer in 
benzene, and may also give an evidence for the 
formation of such a block copolymer. 

CONCLUSION 

As described before, the iniferter technique has 
been known to give a novel synthetic method for 
designing of the chain end structure of the produc- 
ing polymers in radical polymerization. Especially, 
since some sulfur compounds having N,N-di' 
ethyldithiocarbamate group were found to serve 
as excellent photoiniferters and induce hving radical 
polymerization in homogeneous system, these ini- 
ferter techniques have been appUed to synthesis of 
various tailor-made polymers such as functional, 
telechelic, block, and graft polymers. 

In this paper, the AB and ABA block copolymers 
containing random and alternating copolymer se- 
quences were synthesized in high yields through 
Uving radical polymerization and copolymerization 
of vinyl monomers in the presence of mono- and 
bifunctional polymeric photoiniferters obtained by 
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